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RESUMEN 
En ésta tesina se abordan aspectos de gran interés en relación con la 
caracterización del HRFA, su uso en pavimentos y los múltiples métodos de diseño 
disponibles hoy en día. Se presenta también un caso real de pavimento de HRFA, 
exponiendo tanto su proceso constructivo como las diferentes alternativas 
consideradas para su método de diseño. 
En primer lugar, como complemento a los documentos técnicos de 
caracterización del HRFA, se ha realizado un análisis detallado de los pavimentos 
rígidos. El objetivo es proporcionar una visión general de las características más 
relevantes del uso más extendido del HRFA. Se presenta un estudio comparativo entre 
los pavimentos flexibles y los rígidos, así como sus características principales, los 
diferentes tipos de pavimentos rígidos y un breve estudio comparativo entre el uso de 
barras de acero o fibras como refuerzo para el hormigón 
Siguiendo el mismo camino, se exponen los diferentes criterios de diseño de 
pavimentos rígidos. Se ha realizado un análisis detallado de los principales métodos de 
diseño, tanto de los más comunes hasta hoy en día (métodos analíticos y métodos 
empíricos) como de los de más tardía aparición (métodos semiempíricos).  
Para continuar, se presenta una extensa revisión de la literatura existente sobre 
el HRFA (sus características, propiedades mecánicas y proceso constructivo). Además, 
se ha realizado un breve análisis sobre el efecto de la adición de fibras de acero en el 
fenómeno de la fatiga en el hormigón, abriendo una nueva línea de investigación para 
futuros estudios. 
Finalmente, de cara a aplicar toda la información expuesta en el presente 
documento, se lleva a cabo el análisis de un caso particular real de un pavimento de 
HRFA. Se presenta un análisis detallado sobre el proceso constructivo del pavimento 
de HRFA de la Factoría Ford en Almussafes (Valencia). En este caso, se previó la 
ejecución de una losa estructural de HRFA donde a parte de las cargas de servicio 
comunes para este tipo de elementos estructurales,  cargas puntuales originadas por 
varios robots KR 360-500 se deberán de tener en cuenta. 
Además, en relación con este caso particular, se ha realizado un análisis de los 
diferentes métodos de diseño aplicables, utilizando toda la información presentada en 
esta misma tesina. Como consecuencia, se presentan las diferencias y similitudes entre 
las soluciones ofrecidas por cada método para un mismo caso. 
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ABSTRACT 
This thesis discusses issues of great interest for the design of SFRC regarding to 
its characterization, its use in pavements and many of the methods of design available 
nowadays. A particular case is also presented, referring to its constructive process and 
the different alternatives considered to its method design.  
First, in addition to reviewing the key technical papers on the characterization 
of SFRC, a detailed analysis of rigid pavements is done. The intention is to provide an 
overview of the most relevant characteristics of the most widespread use of SFRC. A 
comparative study between flexible and rigid pavements is presented, as well as 
general characteristics, rigid pavements types and a comparative study between the 
use of steel bars or fibers as concrete reinforcement.  
 Following with this study, it is presented the pavement design criteria. A 
detailed analysis of the main dimension methods of rigid pavements is presented, 
referring to the common analytical and empirical methods, as well as to the newer 
ones known as semiempirical methods.  
 To continue, an extensive review of the present literature about SFRC 
(characteristics, mechanical properties and constructive process) is presented. 
Furthermore, a brief analysis about the effect of the steel fibers addition in the fatigue 
phenomenon on concrete is done, opening a new line of investigation for further 
studies.  
 Finally, in order to apply all the given information from the present literature, 
the analysis of a particular real case of a SFRC pavement is due to term. A detailed 
analysis of the constructive process of a SFRC pavement for the Factory Ford in 
Almussafes (Valencia) is given, presenting all the modifications that had to be made 
during its construction. In this case, it was forecasted the execution of a structural 
SFRC concrete slab where, aside from the regular service loads for this kind of 
structural elements, there will be a condition of localized loads originated by the 
implementation of many robots.     
 Furthermore, regarding to this particular case, an analysis of different design 
models has been done, using all the data presented in this same thesis. Thus, with this 
study has been proved the similarities and differences that present the solution 








Chapter 1: Introduction 
1.1 Introduction…………………………………………………………………………………1 
1.2 Raison d’être…………………………………………………………………………………2 
1.3 Methodology…………………………………………………………………………………3 
Chapter 2: State of art 
 2.1 Introduction…………………………………………………………………………………5 
 2.2. Rigid pavements……………………………………………………………………………7 
  2.2.1 Introduction………………………………………………………………………7 
  2.2.2 Flexible pavements vs. rigid pavements………………………………8 
  2.2.3 General characteristics……………………………………………………..10 
  2.2.4 Rigid pavements types…………………………………………………….13 
  2.2.5 Reinforcements: bars and fibers………………………………………..16 
 2.3 Pavement design criteria……………………………………………………………..20 
  2.3.1 General principles and calculation basis…………………………….20 
  2.3.2 Analytical methods…………………………………………………………...23 
  2.3.3 Empirical methods…………………………………………………………....24 
  2.3.4 Semiempirical methods…………………………………………………….25 
 2.4 Steel fiber reinforced concrete……………………………………………………..26 
  2.4.1 Introduction……………………………………………………………………..26 
  2.4.2 Composition……………………………………………………………………..27 
  2.4.3 Characteristics………………………………………………………………….27 
  2.4.4 Mechanical properties………………………………………………………31 
  2.4.5 Concrete pavements construction……………………………………..33 
 2.5 Fatigue review…………………………………………………………………………….35 
  2.5.1 Introduction……………………………………………………………………..35 
  2.5.2 Fatigue in SFRC…………………………………………………………………37 
Chapter 3: Particular case 
 3.1 Introduction………………………………………………………………………………..43 
 3.2 Geotechnical report……………………………………………………………………..44 
  3.2.1 Scope of report…………………………………………………………………44 
  3.2.2 Site investigation………………………………………………………………44 
  3.2.3 Subsoil and soil description………………………………………………44 
  3.2.4 General recommendations………………………………………………...46 
 3.3 Constructive process…………………………………………………………………...48 
 
 Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 
vi Summary 
Chapter 4: Design models for the particular case 
 4.1 Introduction………………………………………………………………………….…….55 
 4.2 Critical analysis of the calculations………………………………………………55 
  4.2.1 Westergaard method…………………………………………………….…..55 
  4.2.2 Yield line theory…………………………………………………………….…59 
  4.2.3 Westergaard method and Yield line theory………………………..66 
  4.2.4 Fine element model (FE)…………………………………………………...72 
Chapter 5: Conclusions 
 5.1 Introduction………………………………………………………………………………..81 
 5.2 Conclusions………………………………………………………………………………...82 
 5.3 Future lines of investigations……………………………………………………….84 
Bibliography…………………………………………………………………………………………………….85 
Annexes 
 Annex 1: Pavement design methods……………………………………………………….89 
 Annex 2: Method of statement……………………………………………………………...103 
 Annex 3: Robot KR 360-500…………………………………………………………………111 
 
 Marc Morata Fernández 
vii List of figures 
 
LIST OF FIGURES 
 
Figure 1.1 – Steel fibers in the concrete (SFRC)…………………………………………………………………………2 
Figure 2.1 - Load distribution in flexible (a) and rigid (b) pavements…………………………………………6 
Figure 2.2 – Flexible pavement (a) and rigid pavement (b) distribution loads……………………………9 
Figure 1.3 – Flexible (a) and rigid (b) pavement layers…………………………………………………………….10 
Figure 2.4 – Contraction (a), construction (b) and expansion (c) joint models………………………….13 
Figure 2.5 – Concrete pavements classification……………………………………………………………………….14 
Figure 2.6 – Concrete pavement types…………………………………………………………………………………….16 
Figure 2.7 – Organic (a), polypropylene (b), glass (c), and steel (d) fibers………………………………..19 
Figure 2.8 – Analytical methods classification…………………………………………………………………………24 
Figure 2.9 – Empirical methods system……………………………………………………………………………………25 
Figure 2.10 – Semiempirical methods model…………………………………………………………………………..26 
Figure 2.11 - Crack pattern in reinforced concrete (RC) and fiber reinforced concrete (FRC) 
elements subjected to tension. (Brandt, 2008)………………………………………………………………………..28 
Figure 2.12 - Common fiber sections (a) and geometries (b)……………………………………………………30 
Figure 2.13 - Stress-Strain curves in compression for SFRC………………………………………………………31 
Figure 2.14 – P-δ for SFRC (a) with small percentage of fibers and (b) high percentage of fibers 
(Sarzalejo).……………………………………………………………………………………………………………………………..32 
Figure 2.15 - A range of load-deflection curves obtained in the testing of SFRC………………………33 
Figure 2.16 – Granular base placement…………………………………………………………………………………..34 
Figure 2.17 – Fixed formwork………………………………………………………………………………………………….34 
Figure 2.18.a – Dowel bars (a) and tied bars (b) for joints……………………………………………………….34 
Figure 2.19 – Concreting…………………………………………………………………………………………………………35            
Figure 2.20 – Concrete compacting…………………………………………………………………………………………35 
Figure 2.21 – Pavement leveling……………………………………………………………………………………………..35 
 Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 
viii List of figures 
Figure 2.22 – Concrete curing………………………………………………………………………………………………….35 
Figure 2.23 – Schematic representation of the deformation evolution during fatigue test………38 
Figure 2.24 – Comparison between S-N curves for plain concrete and SFRC (0.5% and 1.0% fiber 
content) under compression……………………………………………………………………………………………………39          
Figure 2.25 – Comparison between S-N curves for plain concrete and SFRC (0.5% and 1.0% fiber 
content) under flexural loading……………………………………………………………………………………………….39 
Figure 3.1 – Extract of “Mapa geológico de España” of the studied area………………………………..45 
Figure 3.2 – Zoning determined in the geotechnical report……………………………………………………..47 
Figure 3.3 – Sample of Hard X 1-50 fibers……………………………………………………………………………….48 
Figures 3.4 – Concrete casting (a), vibrating (b) and leveling (c and d)……………………………………50 
Figure 3.5 – Examples of crack appearance in the surface………………………………………………………50 
Figure 3.6 – Top layer breakage………………………………………………………………………………………………51                         
Figure 3.7 – Moistening of the slab surface…………………………………………………………………………….51 
Figure 3.8 – Application of the SIKA mortar and final result of the reparations……………………….52 
Figures 3.9 – Examples of sealed (a) and non-sealed (b) joints………………………………………………..52 
Figures 3.10 – Final result of the SFRC pavement (a and b)........................................................53 
Figures 3.11 – Actual situation of the SFRC pavements with the robots (a, b, c and d).……………53  
Figures 4.1 – Loading models for the expected loads………………………………………………………………57 
Figures 4.2 – Models of the 4 point loads cases………………………………………………………………………63 
Figures 4.3 – Models of the two wheel loads cases…………………………………………………………….…..64 
Figure 4.4 – Uniformly distributed load in the center of the pavement……………………………………64 
Figure 4.5 – Subgrade differential seat modeling……………………………………………………………………65 
Figure 4.6 – Loading models of the expected loads…………………………………………………………………68 
Figure 4.7 - FE mesh used to simulate the system soil – structure……………………………………………74 
Figure 4.8 - Map of the pressures on the anchorage plates (the pressures on the other parts of 
the structure due to the robot load are inexistent)………………………………………………………………….74 
Figure 4.9 - Field of displacements of the slab subjected to the action of the self-weight of the 
concrete………………………………………………………………………………………………………………………………….75 
Figure 4.10 - Field of displacements of slab subjected to the isolated robot load…………………….75 
 Marc Morata Fernández 
ix List of figures 
Figure 4.11 - Field of displacements of slab subjected to both the self-weight and the isolated 
robot load……………………………………………………………………………………………………………………………….76 
Figure 4.12 - Stress field (in N/mm2) at the bottom face of the slab under the combined action 
of the self-weight of the concrete and the robot load……………………………………………………………..76 
Figure 4.13 - Stress field (in N/mm2) at the upper face of the slab subjected to the combined 
action of the self-weight of the concrete and the robot load…………………………………………………..77 
Figure 4.14 - Curves δmax – Ks obtained with the implemented FE model………………………………….77 
Figure 4.15 - Curve σct,max - Ks obtained with the FE model implemented. The robot load is 
increased by the dynamic coefficient γd = 1.60………………………………………………………………………..78 
Figure 4.16 - Curve Mmax – Ks obtained with the FE model implemented. The robot load is 
increased by the dynamic coefficient γd = 1.60………………………………………………………………………..79 
Figure A1.1 - Westergaard's slab-subgrade contact modeling…………………………………………………89 
Figure A1.2 – Load positions in a slab……………………………………………………………………………………..91 
Figure A1.3 – PCA method………………………………………………………………………………………………………98 
Figure A3.1 – Example of a robot system………………………………………………………………………………111 
Figure A3.2 – Main constructive groups………………………………………………………………………………..112 
Figure A3.3 – Rotational direction of the robot axles…………………………………………………………….114 
Figure A3.4 – Working area of robots KR 500-3 C………………………………………………………………….114 
  
 Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 




 Marc Morata Fernández 
xi List of tables 
 
LIST OF TABLES 
Table 2.1 - Flexible and rigid pavements comparison………………………………………………………………10 
Table 2.2 – Joints classification……………………………………………………………………………………………….12 
Table 2.3 - Bars and fibers comparison……………………………………………………………………………………18 
Table 2.4 - Fiber main properties and improvements to concrete……………………………………………19 
Table 2.5 - Classification of the main dimension pavement methods………………………………………21 
Table 2.6 – Comparison between the main dimension pavement methods……………………………..21 
Table 2.7 - Ideal steel fiber characteristics………………………………………………………………………………31 
Table 2.8 – Fatigue loading classification………………………………………………………………………………..36 
Table 2.9 – Flexural fatigue performance of FRC in many investigations…………………………………40 
Table 3.1 – Initial concrete formulation…………………………………………………………………………………..49 
Table 3.2 – Second concrete formulation………………………………………………………………………………..51 
Table 4.1 – Design parameters depending on the materials and soil data………………………………57 
Table 4.2 – UDL characteristics……………………………………………………………………………………………….57 
Table 4.3 – Robot loading characteristics………………………………………………………………………………..58 
Table 4.4 – Fork lift truck characteristics…………………………………………………………………………………59 
Table 4.5 – Design parameters depending on the materials and soil data………………………………61 
Table 4.6 – Partial safety factors for ULS and SLS……………………………………………………………………61 
Table 4.7 – Possible loading cases and its characteristics………………………………………………………..62 
Table 4.8 – ULS and SLS values for the different load positions in the 4 point loads in rectangle 
case………………………………………………………………………………………………………………………………………63 
Table 4.9 – ULS and SLS values for the different load positions in the two wheel loads case……64 
Table 4.10 – ULS and SLS values for the uniformly distributed load case…………………………………64 
Table 4.11 – Maximum moments for the ULS and SLS…………………………………………………………….65 
  Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 
xii [Escriba el título del documento] 
Table 4.12 – Maximum moments for the ULS and SLS related to the materials……………………….66 
Table 4.13 – Input data relative to the floor and steel the fibers……………………………………………..67 
Table 4.14 – Design parameters for the concrete design solution……………………………………………67 
Table 4.15 – Partial safety factors for ULS and SLS………………………………………………………………….68 
Table 4.16 – Admissible bending moments for ULS and SLS…………………………………………………….68 
Table 4.17 – UDL and fork lift truck characteristics…………………………………………………………………69 
Table 4.18 – Values for the reduced characteristic and design loads……………………………………….69 
Table 4.19 – Bending and punching shear verification for the different loads…………………………70 
Table 4.20 – Slab design parameters for SLS……………………………………………………………………………71 
Table 4.21 – Deflections for the different load positions………………………………………………………….71 
Table A2.1 – Static and dynamic loads………………………………………………………………………………….103 











1.1.  INTRODUCTION 
 The use of Fiber Reinforced Concrete (FRC) has been widespread in the last 
years, as it supposes to be one of the biggest innovations in the special concretes field. 
FRC must be understood as a composite material made with a hydraulic conglomerate, 
generally Portland cement, water, aggregate and incorporating discrete discontinuous 
fibers. These fibers may work as the unique reinforcement of the structure or function 
as a second reinforcement, in collaboration with steel bars or steel mesh. In any case, 
they will improve some specific characteristics of the concrete, either structural or 
non-structural, presenting therefore many benefits in front of plain concrete. Although 
there are many shapes and materials of fibers, steel fibers are the most commonly 
used of all, leading to Steel Fiber Reinforced Concrete (SFRC) (see Figure 1.1) 
The steel fibers addition modifies the non-lineal behavior of the structural 
concrete, especially in its tensile strength, avoiding cracks. Once the first crack appears 
in the concrete, the residual strength of the composite material is increased thanks to 
the bridging effect provided by the fibers. Then, due to the debonding (loss of 
adherence) and pull-out effects, a higher quantity of energy is scattered, increasing the 
tenacity and having a higher control of cracking.  
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Figure 1.1 – Steel fibers in the concrete (SFRC) 
Moreover, the use of SFRC has been significantly increased in industrial 
pavements, roads, parking areas and airport runways, permitting an important 
progress in the use of concrete and optimizing its properties. The performance of 
some of the early SFRC pavements was not found to demonstrate a marked 
improvement or any other overall advantage when compared to conventional 
pavements. With the past of the years and due to extensive laboratory studies, SFRC 
pavements were found to yield a convincing performance. 
Otherwise, although the use of steel fibers is pretty common nowadays and it 
improves some concrete characteristics, its use is limited to a few specific cases, due to 
the lack of an exclusive normative for the SFRC and performance experience in the 
market. Anyway, many methods (analytical and empirical) have been found to be 
really useful to the SFRC design. 
 
1.2.  RAISON D’ETRE 
 The appearance of the steel fibers has been accompanied by a growing interest 
in the sector in the applications of the SFRC, due to the many possibilities this material 
offers against the use of plain concrete or even the traditional reinforced concrete.  
However, one of the facts which influence the lack of application of steel fibers 
in structures is the lack of experience and the unawareness between the professionals 
about SFRC, its properties, limitations and application fields.  
Furthermore, the absence of a specific normative about the use of SFRC in 
pavements, among other structures, and linked to the fact that almost any normative 
or design method considers the effect of the fatigue, has significantly limited the 
development of the SFRC as a competitive structural solution.   
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 Therefore, it appears to be considered necessary to compile an arrangement of 
all the possibilities which include the addition of steel fibers in concrete pavements, as 
well as a compilation of all the different design methods available nowadays. 
Furthermore, in order to analyze in real life all this, a particular SFRC pavement case 
has been studied and demonstrated to be as effective as if it had been made by the 
traditional methods.   
 
1.3. METHODOLOGY 
 The present document is divided in the following chapters: 
 In Chapter 1 are exposed the raison d’être and the objectives of this document.  
 In Chapter 2 is presented the state of art, where it can be found an extensive 
investigation about rigid pavements and its design criteria (taking into account 
the analytical methods as well as the empirical and semiempirical ones). Steel 
fiber reinforced concrete (SFRC) and its characteristics are also presented, as 
much as a review of the fatigue effect on SFRC pavements. 
 In Chapter 3, the particular recent case of a SFRC pavement for the extension 
of the Body Shop in an automotive factory in Spain is presented. 
 In Chapter 4 many of the methods presented in Chapter 2 for the pavement 
design criteria are applied to the particular case, showing their differences and 
similarities.  
 Finally, in Chapter 5 the conclusions obtained are presented and some possible 
potential investigation lines are proposed.  
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2.1.  INTRODUCTION 
From the beginning of time, the communication by land has been a key point 
for the development of society. Over the years, this communication has evolved, 
changing from the materials used in the construction of the paths to even the way they 
are built, always looking forward to increase its efficiency and its resistance, and 
improving as much as possible its own characteristics.   
In this way, two main different kinds of pavement must be distinguished. 
Depending on the way the traffic loads are distributed on the ground, there are flexible 
and rigid pavements.  
Since the early twentieth century and still nowadays, the most widespread 
method of construction is the flexible one. Those pavements are made up of many 
layers, each one from a different material (asphalt or aggregate) and with gradually 
increased elasticity. Thus, each layer gets all the loads which lay above it. When these 
loads overcome the maximum value that the layer can afford, the remaining loads 
transfer themselves to the next lowest one. Thereby, the aim is to bear all the loads 
through the whole set of layers.  
On the other hand, opposed to the flexible pavements and increasing every day 
more its use, we can find the rigid pavements. These are characterized for its high 
 Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 
6 Chapter 2 
modulus of elasticity which allows producing a minimum deflection under loading. 
Rigid pavements are made of Portland Cement Concrete (PCC) slabs placed above a 
base course and sometimes, a sub-base course. These slabs minimize the strains and 
transmit them directly to the ground. Rigid pavements are mainly used for highways, 
airports, streets, local roads, parking lots and industrial facilities.  
As the PCC slab has a significantly higher modulus of elasticity than the 
aggregate material from the base course, the major part of the load is derived from 
the slab itself. The main result of this fact is the emergence of different stresses in the 
pavement structure due to the traffic loading, the cyclic changes in temperature 
(warping and shrinkage or expansion) or even the volumetric changes in the base 
course that tend to deform the slab. These stresses, which have a widely varying 
intensity, must be endured by the slab.  
 The way the loads are distributed around the different component layers of 
each pavement type are presented in Figure 2.1. While in a flexible pavement all the 
loads are transferred from layer to layer, in a rigid pavement the most loads are 
endured by the concrete slab and just a small part of them is transmitted to the 
ground.  
  
Figure 2.1 - Load distribution in flexible (a) and rigid (b) pavements 
              Hence, the increased knowledge of the concrete and its properties has allowed 
important improvements in concrete pavements design in order to avoid this effect. As 
an example of this, thinner slabs have been set up to carry loads and repetitions 
similar to those carried by the previous thicker slabs thanks to the use of different 
materials in association with the concrete. The most significant structural advance in 
this way was the addition of steel bars as a concrete reinforcement, due to their 
capacity to bear the tensile stresses, contrary to the lack of tensile resistance of the 
concrete. Besides, the use of fibers as reinforcement has become a serious alternative 
in replacement to the steel bars nowadays, as it not only gives to the material similar 
benefits but it adds new ones. The expected benefits derived from the use of fibers will 
depend on the fiber amount that will be added to the concrete matrix as much as the 
material itself. Depending on the fiber material, they will directly improve some of the 
concrete characteristics in the same way that may be useless for other. Thus, some 
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regulations are being developed in order to facilitate and normalized the use of fibers 
as concrete reinforcement.  
              Therefore, the idea of adding fibers homogeneously in the concrete not only 
becomes and efficient reinforcement in terms of ductility or in front of cracking 
control. It also is especially useful for structural purposes, as it is very competitive in 
structures subjected to fatigue or impact, like airports, roads, ports or industrial 
facilities pavements. 
In brief, the steel fiber reinforced concrete (from now on, SFRC) can be defined 
as a concrete containing discontinuous discrete steel fibers randomly distributed 
throughout its cement matrix which may improve its crack resistance, ductility, energy 
absorption and impact resistance characteristics.  
 
2.2.  RIGID PAVEMENTS 
2.2.1.  Introduction 
Paved roads are typically either flexible or rigid depending on the conditions of 
the road and the area around it. When a road needs to be paved, it must be tested first 
to see what type of materials will work the best. The surrounding area and 
environment is examined to determine how strong or weak the ground is, how likely it 
is to wash away during rain, and how it will react to the pressure of traffic. The amount 
of traffic on the road is considered as well. A road with little traffic doesn't need to be 
reinforced as much as a road with high levels of traffic. 
Next, a pavement type is decided on. Each pavement has a top layer which the 
cars drive over and a base layer that supports the top layer and protects it from 
wearing down. An additional layer may be added between the two for more strength 
and protection. The top layer is either rigid or flexible. 
For many years, flexible pavements have been the main option in the 
construction of roadways, even though rigid pavements have been used for more than 
a century. The rigid pavement technology has been quickly developed with studies, 
laboratory and full-scale tests and even creating its own normative.  
In brief, it is possible to define a rigid pavement as a relatively thin slab rested 
on a sub-grade or base course where the modulus of elasticity of the concrete slab is 
much greater than that of the foundation material, so a major portion of the load 
capacity is derived from the slab itself, adding important benefits to its use in front of a 
flexible pavement.  
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2.2.2. Flexible pavements vs. rigid pavements 
Flexible pavements are created from a mixture of materials that are pressed or 
glued together to give them their strength. They are so named because the total 
pavement structure deflects under loading. They are typically composed of three 
different layers and each one receives the loads from the above layer, spreads them 
out and then passes them on to the next layer below. Thus, the further down in the 
pavement structure a particular layer is, the fewer loads (in terms of force per area) it 
must carry. In order to take maximum advantage of this property, the material that 
compose the different layers are usually arranged in order of descending load bearing 
capacity with the highest load bearing capacity material on the top and the lowest load 
bearing capacity material on the bottom. In Figure 2.2.a is showed an approximate 
wheel-load line distribution, illustrating that the area which bears the loads increases 
with depth and hence, each layer will must carry fewer loads than its preceding. 
Thereby, from the top to the bottom, the composing layers of a flexible 
pavement are the following, as seen in Figure 2.3.a: 
 The surface course: made of asphaltic material or mix asphalt, being the highest 
quality materials of the pavement, and in direct contact with the traffic loads. It 
provides characteristics such as friction, smoothness, noise control, rut and 
shoving resistance and drainage. It also serves to prevent the entrance of 
excessive quantities of surface water into the layers below.  
 The base course: consists of aggregate either stabilized or unstabilized. Its 
function is to provide additional load distribution and contributes to the 
drainage and frost resistance. 
 The sub-base course: usually formed by lower quality aggregates than the base 
course material. It functions primarily as a structural support but it can also 
minimize the intrusion of fines from the subgrade into the pavement structure. 
It also improves drainage and frost action resistance and provides an optimal 
working platform for construction. This layer is not always needed or used. 
On the other hand, in the last years and every time with more intensity rigid 
pavements have been introduced all over the world as an alternative to flexible 
pavements, being used in many different types of infrastructure.  
Rigid pavements use Portland cement concrete (PCC) as the prime structural element 
and are characterized for being a high modulus of elasticity pavement structure that 
suffers a minimum deflection under loading. Depending on the conditions, the slab 
may be designed with plain, reinforced, pre-stressed or fibrous concrete. The concrete 
slab usually lies on a compacted granular or treated base, which is supported, in turn, 
by a compacted sub-base. The concrete slab has a considerable flexural strength and 
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spreads the applied loads over a large area. Rigid pavement strength relies into the 
concrete slab itself with an optimum use of low-cost materials under the slab. In Figure 
2.3.b is showed an approximate wheel-load line distribution, evidencing that the 
concrete slabs endures the most of the loads.  
Similarly to the flexible ones, rigid pavements are usually composed by three 
different layers, as seen in Figure 2.3.b. From the top to the bottom, they are:  
 The surface course: formed by a concrete slab which is in direct contact with 
the traffic loads, it provides structural support and a skid-resistant surface. It 
also prevents the infiltration of excess surface water into the base and gives 
friction, smoothness, noise control and drainage to the pavement. It also has to 
be strong enough to resist all the tensile stresses generated by the traffic loads 
and the movements caused by cooling or shrinkage. It has to assure durability, 
as it cannot be vulnerable to frost attacks or aggressive substances in industrial 
situations. Furthermore, the surface course must be resistant to abrasion. 
 The base course: usually made of aggregates or granular materials, it provides a 
uniform stable support for the concrete slab and it is responsible of bearing, 
transmitting and distributing uniformly all the loads applied on the surface 
layer. It also serves to control frost action, provide subsurface drainage, control 
swelling of subgrade soils, provide a stable construction platform for rigid 
pavement construction and prevent mud pumping of fine-grained soils. It 
generally requires a minimum thickness of 100 mm (4 inches). 
 The sub-base course: is the compacted soil layer that forms the foundation of 
the pavement system and is usually subjected to lower stresses than the 
surface and base courses. The pavement above it must be capable of reducing 
the stresses imposed on the subbase to values low enough to prevent excessive 
distortion or displacement of the subgrade soil layer. The sub-base must be set 
with the transversal and longitudinal slope specified in the project in order to 
assure an adequate drainage and a uniform compaction.  
   
Figure 2.2 – Flexible pavement (a) and rigid pavement (b) distribution loads 
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Figure 1.3 – Flexible (a) and rigid (b) pavement layers 
However, not only the load distribution and the composition layers are what 
difference flexible pavements from the rigid ones. While the initial costs of a rigid 
pavement are somewhat high, in the long run it is about half the cost to install and 
maintain them. They also have the ability to bridge small imperfections in the subbase 
course and it is also possible to talk of a higher efficiency in terms of functionality.   
Anyway, concrete pavements’ surface may become smooth and slippery after 
some time of use. Furthermore, a rigid pavement will have to deal with the 
appearance of cracks, what supposes its bigger disadvantage. All these differences, 
among others, are shown in Table 2.1. 
Table 2.1 - Flexible and rigid pavements comparison 
Main properties Flexible pavements Rigid pavements 
Top layer made of Bituminous material Concrete 
Design based on Component layers Flexural strength 
Lifespan 10 – 20 years 40 – 50 years 
Flexural strength Low High 
Completion cost Low High 
Maintenance cost High Low 
Reusability No Yes 
Thermal stresses No Yes 
Use of joints No Yes 
Surface rolling Yes No 
Road may be used after 24 hours 14 – 28 days 
Friction force Low High 
Oils and chemicals damage High Low 
 
2.2.3.  General characteristics  
As it has already been pointed out, a rigid pavement is usually composed by 
three layers. Over the concrete slab lies the structural and functional responsibility 
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while the lower layers have to assure its stable and uniform support. The concrete slab 
thickness may vary between values below 20 cm for roads with light traffic and 40 cm 
for some airport runways. The concrete, composed of 300 – 350 kg/m3 of cement, 
aggregates, a lower water-cement ratio and the necessary additives, is produced, 
transported, extended, compacted and cured to obtain a homogeneous material, with 
a high flexural strength, resistant to the traffic effect and the weather changes that can 
affect it. The most outstanding characteristics are examined now.  
Stiffness  
Concrete has an elastic behaviour under the traffic load; even under a heavy, 
intense traffic and high temperatures it does not experiment viscoplastic 
deformations. A concrete pavement is a rigid structure with a great capacity of 
dissipation of the vertical stresses produced by the loads: the maximum stress that a 
support has to bear is just a little fraction of the contact pressure. This is the reason 
why, unlike in a flexible pavement, the base course is just a stable support resistant to 
erosion.  
Anyway, this does not mean that any foundation is adequate to sustain a rigid 
pavement. When the ground is heterogeneous or is exposed to volume changes, it is 
convenient to stabilize the esplanade.  
Sensitivity to external agents 
Rigid pavements are not affected by the deposit of oils and fuels in its surface 
but when they are placed in areas subjected to frost action or when the use of melting 
salts is foreseen in winter, it will be necessary to add an aerating in the concrete and 
assure the effective presence of occluded air.  
Surface characteristics 
A pavement surface has to assure skid resistance. It can be achieved using an 
appreciable ratio of silica sand and giving to the fresh concrete the adequate surface 
texture. It has been demonstrated that to equal frictional coefficient, the longitudinal 
textures result into relatively small sound levels.  
The running quality is directly proportional to the superficial regularity 
obtained. It depends of the paver’s setting and its finishing elements, the concrete’s 
homogeneity, the machine’s running path, the guide elements and the regularity of 
the setting rate.   
Durability 
The concrete’s strength increases over time and, if the pavement has been 
correctly set, its service index decreases slowly. The flex fatigue will be determinant in 
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the widespread cracking of the pavement and the need of its reinforcement or 
reconstruction. In this phenomenon affect the slab thickness, the concrete’s flexural 
strength, the intensity and application number of the loads, the weather, the slab’s 
form and dimensions and its support conditions. 
Conservation  
A correctly projected and constructed rigid pavement requires little 
maintenance: eventual crack and joint sealants, reconstruction of some slabs, 
superficial texture restoration, etc.  These operations have been significantly simplified 
thanks to the use of new materials (synthetic resins, super plasticized concretes, 
superficial treatments) and specific tools (sawing, milling and scarifying machines).      
Joints 
Table 2.2 – Joints classification  










< 4 m (without dowel) 
< 5 m (with dowel) 
None or with 
dowel 
Control cracking due the 
shrinkage from volume 
changes and humidity 
Construction 
Depending on the 
constructive process 
With dowel or 
tied bar 
Compatible two different 








 Contraction < 5 m With tied bar 
Control cracking due the 
shrinkage from volume 
changes and humidity 
Construction 
Depending on the 
constructive process 
With tied bar 
Compatible two different 










Placed near fixed 
elements in the lane 
With adapted 
dowel 
Reduce stresses due to 
temperature variation or 
near fixed elements in the 
lane 
 
The initial concrete’s shrinkage and the volume changes due to temperature 
changes and humidity make necessary the joint construction in order to avoid the 
random appearance of cracks in the pavement, which can be a big problem for traffic. 
At the same time, big cracks allow the water and fine particles entrance into the base 
course. Joints are also settled in the discontinuities of the pavement to permit its 
expansion and contraction, relieving stresses and facilitating its construction. 
Furthermore, it is widely accepted the fact that may be load transfers across joints, in 
order to avoid staggering during the service period. Joints are commonly divided 
depending on its position in regard to the roadway: longitudinal (contraction or 
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construction), transversal (contraction or construction) and of expansion. The main 
characteristics of each kind are showed in Table 2.2. Furthermore, in Figure 2.4 are 
presented contraction (a), construction (b) and expansion (c) joint models.   
 Longitudinal joints: are usually disposed correspondently with the separation 
traffic lanes, parallels to the road axis. They can be of contraction or 
construction. 
For the contraction joints the concreting width might be above 5 m and it is 
convenient to seal them in order to avoid its conversion into a drain. The 
construction joints are set between two adjacent stripes when the concreting 
has been made by stripes.  
 Transversal joints: are perpendiculars to the road axis, usually skewed with an 
inclination of 6:1 regarding to the road axis. They can be of contraction or 
construction. 
The contraction joints are conveniently sealed as well. Besides, the construction 
joints are placed at the end of the paving period or whenever an interruption 
over 30 minutes is made during the concreting work.   
 Expansion joints: its purpose is to allow the expansion of the pavement due to 
rise in temperature with respect to construction temperature. They are also 
placed when the pavement is constructed with temperatures under 4 °C, when 
the contraction joints allow the entrance of incompressible materials or when 
the materials being used in the pavement construction have presented 
expansive characteristics before. 
 
Figure 2.4 – Contraction (a), construction (b) and expansion (c) joint models 
2.2.4. Rigid pavement types 
Rigid pavements can be grouped in four categories, as shown in Figure 2.5. 
These categories are mass vibrated, roller-compacted, reinforced (jointed or 
continuous) and pre-stressed concrete pavements. It could also be another category 
composed by the cobblestone pavements and other prefabricated concrete 
pavements. In Figure 2.6 is presented a sketch of each concrete pavement type.   
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Mass vibrated concrete pavements 
They are usually the most simple to construct and the cheaper ones. 
Transversal and longitudinal joints are disposed between lanes or where the width 
extended at one time is over 5 m. They are usually composed by rectangular slabs, 
even squared, except when it is needed another specific form, and used when low-
load traffic is expected or when cement treated sub-layer is placed between the slab 
and the sub-grade. 
In the longitudinal joints are usually disposed corrugated steel tied bars in order 
to link the adjacent slabs. They allow slab warping but prevent joint opening and 
staggering under the traffic loads.  
Besides, the transversal joints are supposed to be pavement continuity, 
because the vertical movements are different in the joints that in the inner slab. 
Anyway, it is common to dispose some dowels in order to improve the load 
transmission. Dowels might be understood as flattened steel bars unbounded to 
concrete placed parallel to the road axis in the middle of the slab thickness. In Figure 
2.6.a, an example of a mass vibrated concrete pavement is shown.  
Roller-compacted concrete pavements 
They are conformed by a low water content concrete (water-cement ratio 
between 0.35 – 0.38) strongly compacted with vibratory rollers. However, the cement 
content is similar to any concrete for pavements, with usually high addition content. 
All the phases of the pavement implementation can be realized with the regular 
machines of concrete pavements. Once they have been compacted and superficially 
protected, they can be almost immediately opened to traffic.  
Concrete pavements 
     Mass vibrated  
     Roller-compacted  
     Reinforced 
     Jointed  
     Continuous  
     Pre-stressed  
                                  Figure 2.5 – Concrete pavements classification 
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Anyway, the surface regularity is not usually adequate, so a bituminous layer 
can be placed over the slab. Furthermore, transversal joints might be disposed every 3 
m in order to avoid joint opening and improve the load transmission. As previously, in 
Figure 2.6.a an example of a roller-compacted concrete pavement is shown.  
Jointed reinforced concrete pavements 
They were commonly used in order to increase the length of the slab (from 7 m 
to even more than 20 m) and reduce the number of joints. Steel frames are disposed in 
the upper half of the slab and its only purpose is to sew the transversal joints. Thus, 
the load transmission in cracks is assured and it is avoided the water and fine particles 
entrance in the base course under the traffic loads. 
Anyway, its use has been significantly into abeyance because its higher cost 
does not mean a higher quality. Nowadays they are only used in some North American 
states with an important steel industry. In Figure 2.6.b an example of a jointed 
reinforced concrete pavement is shown. 
Continuous reinforced concrete pavements 
Unlike the jointed reinforced ones, these pavements have supposed a huge 
progress, removing the transversal joints in exchange of raising the longitudinal steel 
frame to values over 10 kg/m2 (the minimum longitudinal geometric quantity is 0.6 per 
100), even downplaying the elevate cost of the steel (Yoder, 1975). This steel frame is 
placed in the middle of the slab thickness and its main function is to control cracking 
caused due to volume change, as it is assumed to have any structural contribution to 
resisting loads. Although some cracks are formed, they are imperceptible for the users 
and do not deteriorate under the traffic loads. Special joints are required in the 
extremes in order to avoid movements of over 5 cm. In Figure 2.6.c an example of a 
continuous reinforced concrete pavement is shown. 
Pre-stressed pavements 
Thanks to the introduced compression, slabs of over 120 m of length can be 
constructed and its thickness can be even halved.  Many pre-stressed systems have 
been studied, from intern wiring (post-tensed) to extern pre-stressed through 
hydraulic jacks and pneumatic joints. In these pavements, joints have a special design 
in order to bear higher opening variations and sometimes stirrups are needed to resist 
horizontal thrust. In Figure 2.6.d an example of a pre-stressed concrete pavement is 
shown.   
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Figure 2.6 – Concrete pavement types 
2.2.5.  Reinforcement: bars and fibers 
Although rigid pavements present some advantages in front of the flexible 
ones, its main drawback is the appearance of cracks throughout its lifespan, due to the 
stresses in the pavement. There are many causes resulting in stresses in the pavement 
structure including wheel loads, cyclic changes in temperature (warping and shrinkage 
or expansion), changes in moisture and volumetric changes in the sub-grade or base 
course. These changes tend to deform the slab causing stresses of widely varying 
intensity.  
Therefore, in order to assure the correct behavior of the pavement these 
stresses have to be controlled. For many years and still nowadays, the most 
widespread solution has been the pavement reinforcement with steel bars, as it can be 
seen in 2.2.4. Rigid pavement types. The main function of the reinforcement by steel 
bars is to improve the tensile capacity of the concrete, since it is not especially 
resistant in this way, avoiding the appearance of cracks all over the slab that would 
substantially reduce the pavement strength.  
 Otherwise, parallel to the use of steel bars as concrete pavements’ 
reinforcement, in the last decades it has been extended the use of fibers as a new way 
of reinforcement. The construction time, the durability and the important 
improvement in the post-cracking behavior that the addition of fibers supposes, 
among other advantages on the concrete performance, has permitted its big 
acceptance in the construction industry. 
In this way, the Fiber Reinforced Concrete (FRC) has become the most 
outstanding innovation among the special concretes. So when there is talk about it, 
there is not a reference neither to bars nor wire mesh reinforcing concrete but to 
fibers randomly distributed in the matrix cement.  
The fiber addition modifies the non-lineal behavior of the structural concrete, 
especially in its tensile strength, avoiding cracks. Once the first crack appears in the 
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concrete, the residual strength of the composite material is increased thanks to the 
bridging effect provided by the fibers. Then, due to the debonding (loss of adherence) 
and pull-out effects, a higher quantity of energy is scattered, increasing the tenacity 
and having a higher control of cracking.  
 Traditionally, FRC has been used especially in the construction of rigid 
pavements. The most important contributions of the fibers to pavement are the 
following:  
- Provide a ductile behavior taking advantage of its resistance capacity which 
bears the tensile strength after the first crack 
- Improve tensile and flexural strength 
- Improve impact strength 
- Control the cracking and improve its post-cracking properties  
Otherwise, some FRC pavements can perform closely to a continuous 
reinforced concrete pavement, being a continuous pavement with no joints needed 
where the steel fibers would keep tight together the cracks. This way, the use of fibers 
instead of bars may be really advantageous in many situations: 
- Structure components where bars cannot be used, so fibers would be the 
primary reinforcement and must play the role of the bars, increasing both 
strength and resistance of the composite.  
- Components which must bear locally high loads or deformations, like tunnel 
linings or blast resistant structures. In these situations, the fibers will play an 
important role in the crack and post-crack control. 
- Components in which is necessary to control cracking because of humidity or 
temperature variations, like slabs or pavements. There the fibers might be a 
secondary reinforcement. 
In order to evidence the main similarities and differences between the use of 
bars or fibers Table 2.3 is presented. In this case, when talking about fibers there is 
predominantly reference to steel fibers.  
As it has been already said, there are not only steel fibers, as they can be done 
in many materials. Depending on the properties that might be seeking to improve or 
the function the fibers will perform, it may change from its form to the material they 
are made of and the properties that they bring.  
Organic fibers have probably been the most used fiber type in the recent past. 
They have long been used in pipes and in corrugated or flat roofing sheets, but they 
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are not recommended to use in the open air (see Figure 2.7.a). Otherwise, 
polypropylene fibers are being increasingly used as a secondary reinforcement and to 
control plastic shrinkage cracking (see Figure 2.7.b). Glass fibers are also pretty 
common nowadays in many precast panels, not having special influence in the 
structural parameters (see Figure 2.7.c).  
Table 2.3 - Bars and fibers comparison 
Properties Bars Fibers 
Tensile strength improvement ✓ ✓ 
Crack control ✓ ✓ 
Post-cracking behavior improvement X ✓ 
Fatigue strength improvement X ✓ 
Impact strength improvement X ✓ 
Ductility improvement Low High 
Vulnerability to corrosion Low High 
Distribution Fixed Random 
Cost Lower Higher 
 
Anyway, the most widely used fibers are the steel ones. Its use is pretty 
common in airports and industrial pavements as long as in rigid pavements in general 
(see Figure 2.7.d). They are usually used in slabs-on-ground, too.  
Furthermore, the Annex 14 of the Instruction EHE 2008 classifies the steel 
fibers in structural and non-structural, depending on their capacity of increasing the 
concrete’s strength. If the fibers contribution can be considered in the calculation of 
the concrete’s section, they will be structural. In the opposite case, they will be 
considered as non-structural.  
Despite all the different types and properties of the different fibers, when rigid 
pavements are referred, the flexural strength contributed by the steel convert the 
Steel Fiber Reinforced Concrete (SFRC) as the best reinforce for this use.   
A general comparison between the many properties of each kind of fiber is 
presented below in Table 2.4, as well as the improvements they offer as 
reinforcement. 
To sum up, it is possible to say that the main objective of using steel fibers as a 
concrete reinforcement is:  
- Improve tensile, flexural and impact strength 
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- Control the cracking and the mode of failure while improving the post-cracking 




Figure 2.7 – Organic (a), polypropylene (b), glass (c), and steel (d) fibers 
 
Table 2.4 - Fiber main properties and improvements to concrete 
Properties Steel Polypropylene Glass Organic 
Diameter  (µm) 5 – 500 20 - 400 9 – 15 10 - 12 
Modulus of elasticity (GPa) 200 3.50 - 10 70 – 80 63 - 120 
Tensile strength (MPa) 345 – 3000 200 - 760 1000 - 2600 3500 - 3600 
Ultimate elongation (%) 4 -10 5 – 25 1.50 -3.50 2.10 - 4 
Structural strength 
improvement 
✓ ✓ X X 
Ductility improvement ✓ X X ✓ 
Impact resistance improvement ✓ ✓ ✓ ✓ 
Crack control ✓ ✓ ✓ X 
Susceptible to corrosion ✓ X X X 
Possible primary concrete 
reinforcement 
✓ X X X 
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2.3. PAVEMENT DESIGN CRITERIA 
2.3.1. General principles and calculation basis 
A concrete pavement is basically a slab resting on a base course generally less 
rigid that the concrete slab. From the structural point of view, must be said that is 
convenient to have a reasonable rigidity transition, in order to compatible the 
deformations in each course (concrete slab, base course and subgrade).  
The described configuration implies behaviour similar to a bending beam 
(ACPA, 2008), although the concrete slab is wider so it should be considered as a 
(Mallick and El-Korchi, 2009). This is why, from the structural viewpoint, (Westergaard, 
1926) proposed the behaviour of a concrete slab supported by springs, in a way similar 
to the Winkler foundation.    
 Nowadays, thanks to the significant advance of the numerical methods, it is 
possible to study any pavement behaviour, no matter how complex are the 
circumstances. Anyway, its use is not as common in standard pavement design as are 
the empirical methods, based in national and international experiences.  
In this way, rigid pavements are evaluated as concrete structures and 
accordingly, from the structural viewpoint, the approach has to follow the main limit 
states (ultimate, serviceability and durability) philosophy. This means that it has to be 
fulfilled the following: 
Solicitation (S) ≤ Response (R) 
Thus, are considered as solicitations (S) those originated by the traffic loads and 
the imposed deformations due to temperature or rheological actions. To a lesser 
extent, are also considered the net weight and the combination of both types.  
On the other hand, in order to know the response (R), it is not only important 
the materials characteristics but also the support conditions. This means to know the 
own subgrade characteristics. Anyway, it is worth mentioning that the pavement 
failure sometimes occurs because, although the solicitations do not overcome the 
characteristic material strength, it presents a cyclic variation capable of presenting its 
fatigue over time.  
 That said, the main purpose of the pavement design is the definition of the 
nature and thickness of each pavement composing layer, from the consideration of 
many basic factors: the expected traffic, bearing capacity of the subgrade, used 
materials, environmental effects, among others. This pavement design criteria can be 
divided in two main different categories: analytical and empirical methods. 
  Marc Morata Fernández  
21 State of art 
The analytical methods consider explicitly each of the acting variables with the 
purpose of obtaining the stresses and deformations that take place in the pavement, 
verifying a posteriori that the obtained results do not overpass the admissible 
maximum values. On the other hand, the empirical methods take all the factors in a 
global way and make the design based on the accumulated experience in a concrete 
field.  
In the last years both methods have converged: while the analytical methods 
need the experience in order to present an adequate model and read into the 
calculation results, the empirical ones are usually sustained in the calculation as 
contrast to experience. This has come into new method known as semiempirical, as it 
takes into account most of the acting variables (like in the analytical methods) but 
always based on a previous experience (like in the empirical methods). 
Thus, in Table 2.5 is presented a previous classification of the most important 
dimension methods for rigid pavements. As it has been said, they are all classified 
depending on if they are analytical, empirical or semiempirical methods. Its own 
characteristics will be showed next. In the same way, in Table 2.6 it is presented a 
comparison between the different methods. 
Table 2.5 - Classification of the main dimension pavement methods 




Portland Cement Association 
(PCA) 
‘Yield line theory’ 
method 
Corps of Engineers 
(COE) 
Wire Reinforced Institute (WRI) 
 
Table 2.6 – Comparison between the main dimension pavement methods 
Dimension 
method 
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PCA 
Material 
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2.3.2. Analytical methods 
The analytical methods of dimension are based on the obtainment of a stress 
and deformation state produced by the traffic loads and the thermal effects, and its 
comparison with the admissible values for each case. Therefore, an analytical method 
is composed of a response model, which determinates the stresses, deformations and 
displacements, and a behaviour model, which values the conditions in which the 
structural pavement deterioration occurs.  
The loads that the pavement will bear during its lifespan are many and really 
different. The set of values with their correspondent application frequency is known as 
loading spectrum. In order to avoid the use of the whole loading spectrum, an 
equivalent load type is determined from the dates of different control sections, 
normally using the maximum legal load of a single axle.   
Hence, the analysis of the response models results, through the application of 
the behaviour model, is done in order to determinate which is the application number 
of the load type that the structure can bear in each layer without reaching 
deterioration. If this load application number is higher than the expected one, it will 
only lack the testing of the section from the constructive and economic viewpoints. 
Furthermore, the response models can be classified in three big groups: 
mechanicals, probabilistic and of regression. In turn, the mechanicals response models 
can be subdivided depending on the computation principles and the geometric 
modeling used, into multilayer systems, plate theory or numerical methods (FEM). 
Again, they can also be classified according to the constitutive equations of the 
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materials used as elastic or viscoelastic models. All this can be seen Figure 2.8 as a 
schematic diagram.  
On the other hand, the most used behaviour models are those based on the 
fatigue laws: the mathematical expressions obtained by the results correlation of many 
laboratory tests and full-scale studies. With the fatigue laws will be determined the 
application number N of a load type P0 that the studied material can bear before 
reaching structural deterioration. Each individual application of the load will produce 
some stresses (σ) and deformations (ε).  
 
Figure 2.8 – Analytical methods classification 
That said, depending on the kind of pavement (flexible or rigid) that must be 
dimensioned, different methodologies will be used. While flexible pavements 
dimension are usually based on the Hypothesis of Burminster (multilayer systems and 
elastic equations), the rigid ones are based on the Hypothesis of Westergaard (plate 
theory and elastic equations). Later, some modifications will be introduced to the 
Hypothesis of Westergaard creating the known as ‘Yield line theory’.  
2.3.3.  Empirical methods 
 The empirical methods provide, for different combinations of the basic sizing 
factors, solutions that have been obtained by the accumulation of experiences of firm 
behaviour in road sections with real traffic, experimental sections with special traffic or 
test roads. All the empirical methods always share the same system, as seen in Figure 
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Figure 2.9 – Empirical methods system 
1. Adoption of a project period or expected time before the firm reaches a 
deterioration state that makes necessary its structural rehabilitation. It is 
usually considered 30 years for rigid pavements and 20 for the flexible ones. 
2. Basic sizing factors determination: 
 Traffic valuation: average number of heavy vehicles, equivalent axles of the 
accumulative load types in an average day, etc.  
 Subgrade bearing capacity characterization: CBR index, module of 
compressibility, etc. 
 Definition of normalized materials for each layer of the firm.  
 Local and seasonal conditions characterization: temperature, drainage, 
precipitation rate, etc.  
3. Solution presentation for each basic factors combination in its own method 
form (abacus, nomograms, tables or catalogues).  
Thereby, each State Administration uses similar catalogues, adapted to its own 
conditions, being a high quantity of empirical methods. In this way, must be said that 
they should not be used outside the ambit where they have been developed.  
2.3.4.  Semiempirical methods 
The semiempirical methods may be understood as a mix of both analytical and 
empirical methods, as it takes characteristics from the two and creates an 
Empirical methods 
Project period 












 Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 
26 Chapter 2 
advantageous method for many cases. As seen in Figure 2.10, it takes some 
calculations models from the analytical methods but always heeding the real 
experiences taken by the empirical methods. 
 
Figure 2.10 – Semiempirical methods model 
 
2.4.  STEEL FIBER REINFORCED CONCRETE 
2.4.1.  Introduction 
The Steel Fiber Reinforced Concrete (SFRC) may be understood as a composite 
material made with a hydraulic conglomerate, generally Portland cement, water, 
aggregate and incorporating discrete discontinuous steel fibers whose task is to 
improve some specific characteristics of the concrete. Fibers of many shapes and sizes 
produced from steel, synthetics, glass or natural materials can be used. However, for 
most structural and non-structural purposes, steel fibers are the most used of all, 
whereas synthetic fibers are mainly used to control the early cracking (plastic 
shrinkage cracks) in slabs. Fibers are generally added during mixing, but may also be 
pre-placed into a mould and the cementitious matrix subsequently infiltrated. 
 In the last decades, the use of SFRC has significantly increased in industrial 
pavements, roads, parking areas and airport runways, permitting an important 
progress in the use of concrete and optimizing its properties. Therefore, the SFRC may 
have many benefits in front of plain concrete.  
Many of these pavements are slabs-on-ground that are statically undetermined 
structures. For this reason, even at relatively low volume fractions (< 1%), steel fibers 
effectively increase the ultimate load and can be used as partial or even total 
substitution of conventional reinforcement (reinforcing bars or welded mesh) of slabs-
on-ground. Fiber reinforcement also provides a better control of the crack 
development to improve the structural durability and to reduce the number of joints. 
Moreover, fiber reinforcement enhances the impact and fatigue resistance of concrete 
structures and reduces labor costs due to the amount of time saved in the placement 
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2.4.2.  Composition 
A SFRC is essentially made of the same components that a traditional concrete 
but with the addition of steel fibers. As with any other type of concrete, the mix 
proportions for SFRC depend upon the requirements for a particular job. Several 
procedures for proportioning SFRC mixes are available, which emphasize the 
workability of the resulting mix. However, there are some particular considerations to 
SFRC. 
In general, SFRC mixes contain higher cement contents and higher ratios of fine 
to coarse aggregate than an ordinary concrete does, and so the mix design procedures 
applied to conventional concretes may not be entirely applicable to SFRC. Commonly, 
in order to reduce an excessive quantity of cement, up to 35% of it may be replaced 
with fly ash. In addition, to improve the workability of higher fiber volume mixes, 
water reducing admixtures and super plasticizers are often used in conjunction with air 
entrainment.  
The SFRC’s constituents are generally arranged so that one or more 
discontinuous phases are embedded in a continuous phase. The discontinuous phase is 
formed by the reinforcement and the continuous phase is the matrix. In any composite 
material, the fibers are added to improve the properties and behaviour of the material 
and these fibers can be either continuous or discontinuous, with a preferred or 
random orientation.  
Regarding to the fibers, when they are the main reinforcement in the matrix, 
the fiber content can be raised up to values close to 2% by volume. Otherwise, when 
fibers are used as a secondary reinforcement whose main objective is just to control 
the presence of cracks without improving the concrete strength, the values of fibers 
used are around 0,2%. 
2.4.3.  Characteristics  
Steel fibers have become the most used fiber type. The reason is because steel 
has the higher modulus of elasticity among the different fiber types and this entails a 
huge improvement of the concrete characteristic resistance, ductility and cracking 
control, as it has been said previously.   
Furthermore, the removal of the reinforcement bars in favor of discrete fibers 
permits to reduce some features like the construction time, the staff needed or the 
constructive failures derived from the prosecution of placing the reinforcement. Fibers 
also contribute in the reduction of cracking during the shrinkage and it is especially 
important in the post-cracking behavior. The steel fibers also endue a ductile behavior 
to the structure, generally a rigid pavement, taking advantage of the tensile resistance 
they offer even after the first crack and raising substantially the concrete flexural 
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strength. All these improvements are the main purposes of the addition of discrete 
fibers to the concrete as a reinforcement method.   
Notwithstanding all the advantages that the addition of steel fibers entails, it is 
also important to consider their tendency to ball together. The more increase of the 
fiber content, the most probability the fibers to ball together. This fact can be both 
controlled manually or mechanically or even adding the fibers after the concrete 
matrix is wet and reducing the duration of the concrete-fiber mixing.  
If a comparison between SFRC and reinforced concrete is made, an important 
fact adds value to the first one. Where big cracks are formed all over the plain concrete 
matrix, in the SFRC lots of micro-cracks are distributed around the FRC matrix, avoiding 
bigger cracks due to the fibers sewing the matrix, as it can be seen in Figure 2.11.  
Moreover, it is possible to see that although bars and fibers have not got the 
same function, they can contribute to the concrete in a similar way in terms of their 
structural properties. In fact, the high performance SFRC works closely to the 
conventional bars reinforcement, improving the maximum strength and the post-
cracking properties. Despite this, in most cases it is difficult to replace the bars with 
fibers and it is because of this that every time more, bars and fibers are starting to be 
used together in order to combine their advantages.   
 
Figure 2.11 - Crack pattern in reinforced concrete (RC) and fibre reinforced concrete (FRC) elements 
subjected to tension. (Brandt, 2008) 
Additionally, plain concrete or no-fiber specimens in general break suddenly 
when some loads are applied. The point of rupture coincides with the maximum 
deformation and after that, the specimen cannot absorb more energy. However, the 
SFRC specimens are able to continue absorbing energy even after the first crack and 
keep bearing increment of load without failing, improving hence the post-cracking 
behavior. Finally, when the steel gets its maximum resistance and it starts to break, the 
sample starts to fail.  
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The fibers must also accomplish with some mechanical requirements of tensile 
strength, bending and surface conditions. Some of the assays tested in order to 
evaluate these factors and clarify the acceptance or rejection standards may be found 
in UNE-EN 14889-1:2008.    
In UNE-EN 14889-1:2004, fibers are to be characterized in classes in accordance 
with the intended use, which are: 
 Class I: intended primarily to improve the short-term plastic properties of 
mortar and/or concrete by controlling plastic shrinkage, settlement cracks, and 
reducing bleeding, but not adversely affecting the long-term properties. 
 Class II: intended primarily to improve the durability of mortar and/or concrete 
by improving abrasion and impact resistance and by reducing damage caused 
by cycles of freezing and thawing. 
 Class III: fibers which primarily increase the residual strength of mortar and/or 
concrete. 
 Class IV: fibers which are primarily used to improve the fire resistance of 
mortar and/or concrete. 
Besides, in the study of SFRC are also important the different possible fiber 
geometries and the content of fibers enclosed in the concrete, taking always into 
account that the exact ratio of fiber as well as their combination with the cement 
matrix are what determines a better or worst reinforcement. Another important 
parameter which directly affects to the workability of the SFRC is the slenderness.  
The slenderness, most known as aspect ratio (L/D), is the relation between the 
length of the fiber and its diameter. The length of the fiber (L) is defined as the 
distance between the two extremes measured in the geometric projection; otherwise, 
the diameter (D) is defined as the nominal diameter when the fiber has a circular 
shape or by converting the area of the transversal section into an equivalent circle 
when it has another shape.  
 Depending on the way the steel fibers are executed, the UNE-EN 14889-1:2008 
classifies them in the following groups: 
 Group I: cold drawn wire 
 Group II: cut sheet 
 Group III: melt-extracted 
 Group IV: shaved cold drawn formed 
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 Group V: milled from blocks 
Furthermore, another important aspect is the adherence between the fibers 
and the concrete’s matrix. The fiber geometry plays an important role in this and, in 
fact, in the SFRC behavior. When fibers started to be used as a concrete’s 
reinforcement they used to be mainly straight but after some investigations and 
improvements in the issue, nowadays they have been enlarged, flattened, given 
hooked ends and roughened their surface textures in order to gain pull-out resistance. 
The most common fibers are sketched in Figures 2.12 (a and b). 
 
 
Figure 2.12 - Common fiber sections (a) and geometries (b) 
The last fiber aspect which has an important effect on the SFRC behavior is the 
fiber content. It may be directly proportional to the ductility: when higher fiber 
content is added, better ductility is achieved. Depending on the fiber content, in many 
cases it is also possible to give to the material a stress capacity improvement or better 
crack resistance. 
Anyway, must be understood that the importance of all the mentioned 
characteristics does not rely on their own but on the correlation of all of them. The 
following relations are the proof of it: 
- The higher is the aspect ratio, the less minimum fiber dosage is needed. 
- The longest are the fibers and the smallest the diameters, the more efficient 
are they.  
- The higher is the fiber content, the higher becomes the ductility. 
However, as there are so many fiber possibilities, it may be found some 
difficulties to handle the use of fibers in the concrete, in a way to choose the right 
combination among all the possible. As a guideline, the SFRC is supposed to have the 
better mechanical properties when the fibers have approximately the characteristics 
showed in Table 2.7. It can be seen that the range of values is wide, allowing then to 
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Table 2.7 - Ideal steel fiber characteristics 
Mechanical property Values 
Strength stress 11.000 kg/cm2 
Length 12.70 – 63.50 mm 
Diameter 0.45 – 1 mm 
Fiber content 
0.025% - 0.03% 
or 
0.50% - 2%* 
Aspect ratio 50 – 70 
* The first values are for fibers as a second reinforcement and the second for a primary reinforcement. 
To sum up, the fibers added to the concrete create a stronger mixture than the 
concrete itself, sewing the cracked concrete, and therefore developing a post-cracking 
resistance. They also absorb the loads that, if the fibers were not there, the concrete 
could not stand by itself and would bring it to failure. 
2.4.4.  Mechanical properties  
The most important improvements made by the addition of steel fibers in the 
concrete’s mechanical properties are detailed below.  
Compressive strength 
The compressive strength probably is the least influenced of all the mechanical 
properties as fibers do little to enhance it, with increases in strength ranging from 
essentially nil to perhaps 25%. Despite this, there is a remarkable improvement related 
to compression: the concrete’s ductility increases depending on the fiber content, 
what can mean modifications in the curve load-deflection. As it can be seen in Figure 
2.13, a SFRC specimen can bear higher compressive stresses and the higher is the fiber 
content, the higher are the loads that it can bear without reaching failure. 
 
Figure 2.13 - Stress-Strain curves in compression for SFRC 
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Tensile strength   
The tensile strength is the biggest disadvantage of plain concrete, as it is not 
high enough to allow its use in many cases. This is the reason why so many kinds of 
reinforcements are used, including steel fibers. Fibers aligned in the direction of the 
tensile stress may bring about very large increases in direct tensile strength, as high as 
133% for 5% of smooth, straight steel fibers. However, for more or less randomly 
distributed fibers, the increase in strength is much smaller, ranging from as little as no 
increase in some instances to perhaps 60%.  
Therefore, the presence of fibers represents an important improvement not 
exactly in the initial tensile strength of the concrete, but chiefly after the first crack, 
what is known as post-cracking strength. Hence, when low fiber dosages are used, the 
main expected improvement is found in the post-cracking properties. Nevertheless, 
when high fiber dosages are used, it is expected not only to increase the post-cracking 
strength but also to raise the maximum load capacity of the sample as it is 
demonstrated in Figure 2.14, showing the P-δ relation for a SFRC with a small 
percentage of fibers (a) and with a high percentage of fibers (b). 
 
Figure 2.14 – P-δ for SFRC (a) with small percentage of fibers and (b) high percentage of fibers (Sarzalejo) 
Flexural strength 
Steel fibers are generally found to have a much greater effect on the flexural 
strength of SFRC than on either the compressive or tensile strength, with increases of 
more than 100%. The increase in flexural strength is particularly sensitive, not only to 
the fiber content but also to the aspect ratio of the fibers: the higher is the aspect 
ratio, the larger is the strength increase.  
As was indicated previously, fibers are added to concrete not to improve the 
strength, but primarily to improve the toughness or energy absorption capacity. 
Commonly, the flexural toughness is defined as the area under the complete load-
deflection curve in flexure; this is sometimes referred to as the total energy to 
fracture. Alternatively, the toughness may be defined as the area under the load-
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deflection curve out to some particular deflection, or out to the point at which the 
load has fallen back to some fixed percentage of the peak load.  
The load-deflection curves for different types and volumes of steel fibers can 
vary enormously, as is shown in Figure 2.15. For all of the empirical measures of 
toughness, fibers with better bond characteristics (i.e. deformed fibers or fibers with 
greater aspect ratio) give higher toughness values than do the smooth, straight fibers 
at the same volume concentrations. 
 
Figure 2.15 - A range of load-deflection curves obtained in the testing of SFRC 
2.4.5.  Concrete pavements construction 
The SFRC pavements started to be used some decades ago in applications 
where the high cost of this material was balanced by its characteristics. As it has been 
already said, its use can reduce the pavement thickness a 30% and the distance 
between the joints can be significantly increased. In this way, SFRC pavements are 
really competitive in many cases: bridge pavements and pavements submitted to 
heavy loads (industrial and ports).  
The constructive process of a concrete pavement may change depending on 
the equipment used: 
       - Manual construction: the leveling is made with manual equipment. 
       -  Construction with medium performance equipment (rules and vibratory 
rollers). 
       - Construction with high performance equipment (pavers with sliding formwork). 
A usual SFRC concrete pavement construction will be explained below. 
 Preliminary activities: this first stage contains all the activities that must be 
carried out before placing the formwork and start concreting. One of the 
primary activities is the subgrade preparation, as it must be conformed a 
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homogeneous surface, with at least the 95% of the maximum density 
compacted and with an efficient drainage system. Furthermore, the granular 
base must be correctly placed in order to offer a uniform and continuous 
support to the concrete slabs. In Figure 2.16 it is shown the placement of the 
granular base. 
 Formwork: the formwork acts like casts and might be useful as a guide for the 
finishing equipments. The edge must coincide with the expected surface of the 
pavement and its height must be equal to the expected thickness. In order to 
assure an adequate alignment, the formwork must be stiffened. In Figure 2.17 
can be seen an example of fixed formwork.  
 Joint preparation: if necessary, the dowel bars and the tied bars are settled in 
this moment. In Figures 2.18 (a and b) are shown.  
          
      Figure 2.16 – Granular base placement                Figure 2.17 – Fixed formwork 
       
Figure 2.18.a – Dowel bars (a) and tied bars (b) for joints 
 Concreting: the fibers might be added to the concrete both manually and 
automatically, and both in the batching plant or in-situ. In the batching plant, 
the fibers can be added in the aggregate tape loading, directly in the kneader or 
inside the truck mixer. On the other hand, if the fibers are added in-situ, they 
can be manually added inside the truck mixer, through a conveyor belt or using 
a blast machine (the fibers are introduced to the truck mixer at great speed, 
letting a quick and easy distribution inside the cement matrix). Once the mix is 
done, it will be deposited over the base course and uniformly distributed. In 
Figure 2.19 can be seen a directly concreting from a truck mixer.  
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 Compaction: the compaction is made in order to increase the mix density while 
eliminating the air particles. It is necessary to obtain a homogeneous, resistant 
and solid pavement. It can be made both manually and automatically. In Figure 
2.20 it is shown an example of concrete compaction through vibrating screed.  
 Finishing: after the compaction, the concrete must be leveled and given a 
smooth surface, without irregularities neither pores. Afterwards, it will be given 
the final texture to the pavement surface. In the same way, this can be done 
manually or automatically. In Figure 2.21 is shown one of the many activities 
that are carried out in order to finish the concrete: the pavement leveling. 
 Curing: it is necessary in order to maintain the temperature and the humidity 
that guarantee reaching the design properties and resistances. It must be 
applied as soon as the free water has disappeared over the surface. In Figure 
2.22 is shown an example of concrete curing.  
           
            Figure 2.19 – Concreting             Figure 2.20 – Concrete compacting 
             
    Figure 2.21 – Pavement leveling     Figure 2.22 – Concrete curing 
 
2.5.      Fatigue review 
2.5.1. Introduction 
Now is reported a general review of developments in the field of fatigue 
performance of FRC and in comparison to plain concrete. Some structures are often 
subjected to repetitive cyclic loads, which may give rise to fatigue problems, as it 
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results in a steady decrease in the stiffness of the structure, eventually leading to 
failure.  
Fatigue is a process of progressive, permanent internal structural changes in a 
material subjected to repeated loading. In concrete, these changes are mainly 
attributed to progressive growth of internal microcracks, which results in a significant 
increase of irrecoverable strain. At the macro-level, this will manifest itself in changes 
in the material’s mechanical properties. 
In a 1980 review of the fatigue of plain concrete dealing with both compression 
and flexure, Hsu categorized fatigue applications into three categories, as summarized 
in Table 2.8. "Low-cycle" is the term applied to structures exposed to earthquakes and 
loads less than 1000 cycles of load. The "high-cycle" category starts with airport 
pavements and bridges expected to withstand up to 100,000 load cycles and extend to 
highway bridges and pavements, railway bridges and ties subjected to up to 10 million 
cycles. Rapid transit structures and structures exposed to wave action are in a "super-
high-cycle" category that may be expected to sustain 10 million or more load cycles 
during its service life. 
Table 2.8 – Fatigue loading classification 
Low-cycle 
fatigue 
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Otherwise, different loading arrangements have been used in fatigue testing, 
including compression, tension and bending tests. The most common method of 
fatigue testing, by far, is via flexural tests, although compressive fatigue tests have also 
been investigated. In recent years, there has been also an increasing interest in the 
fatigue characteristics of concrete in tension (Saito, 1987; Cornelissen 1984; Zhang et 
al, 2000). In addition, some researchers have studied the effects of combined stresses 
to the fatigue performance of concrete (Su and Hsu, 1988; Yin and Hsu, 1995) where it 
has been found that the fatigue strength of concrete in biaxial compression is greater 
than that under uniaxial compression. General observations about the effects on 
fatigue strength of different parameters such as mix design and moisture conditions, 
may be applied to tensile, flexural and compressive loading (RILEM, 1984). 
As far as fatigue loading is concerned, many approaches have been used. 
Anyway, the most widely accepted is based on empirically derived S-N diagrams, also 
known as Whöler curves, where S is the applied flexural stress expressed as a 
percentage of the static flexural strength and N the number of load cycles to failure. 
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Nevertheless, due to the inherent empiricism of the S-N curve, development in the 
study of fatigue in concrete and its composites is rather restricted. 
Furthermore, due to the large scatter observed in the fatigue data, there is an 
increasing number of researchers who advocate the use of probability concepts in 
conjunction with S-N curves (Oh, 1986; Do et al, 1993). For structures to perform safely 
within their service life, it is necessary to have an appropriate probability measure of 
the ultimate fatigue failure. This results in S-N-P curves, where “P” denotes the 
probability of fatigue failure. 
2.5.2.  Fatigue in SFRC 
The use of SFRC has been specially increased in the last years. Common 
applications for SFRC include airports, highways, bridges and industrial pavements, 
which endure significant cyclic loading during their service life. Within these areas of 
application, the fatigue characteristics of SFRC are important performance and design 
parameters. However, there seems to be a gap in the knowledge of the fatigue 
behaviour of SFRC in terms of all the influencing variables.  
Generally, it has been observed that the addition of steel fibers can significantly 
improve the bending fatigue performance of concrete structures (Johnston and Zemp, 
1991; Grzybowski and Meyer, 1993; Zhang and Stang, 1998). The extent of 
improvement on the fatigue capacity of SFRC can be expected to depend upon the 
fiber content, type and geometry. Various combinations of these parameters will give 
rise to different fatigue characteristics. 
A significantly higher level of damage in static as well as fatigue testing of SFRC 
has been found compared to that observed in plain concrete (Zhang and Stang, 1998). 
This is further supported by findings of Rafeeq et al (2000) where it is concluded that 
FRC could undergo larger strains before failure, compared to plain concrete. 
The development of fatigue failure in concrete can be divided into three stages 
(Gao and Hsu, 1998). The development of these three stages of fatigue damage is 
generally graphically demonstrated with the use of a cyclic creep curve as presented in 
Figure 2.23. 
- First stage: it involves the weak regions within the concrete and is termed flaw 
initiation.  
- Second stage: it is characterized by slow and progressive growth of the 
inherent flaws to a critical size and is generally known as microcracking. 
- Third stage: it is reached when a sufficient number of unstable cracks have 
formed, and a macrocrack is developed, eventually leading to failure. In this 
stage, the concrete specimen normally fails quickly as the specimen’s ability to 
resist external forces is significantly reduced.  
 Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 
38 Chapter 2 
 
Figure 2.23 – Schematic representation of the deformation evolution during fatigue test 
The growth of the flaws in the second stage may be retarded and inhibited by 
using fibers as reinforcement. In SFRC, the fiber bridging and fiber pull-out dissipates 
energy in the wake of the crack tip. This mechanism plays a dominant role in inhibiting 
crack growth and therefore increases the load carrying capacity of SFRC specimens. 
It is hoped that the addition of fibers will endow the SFRC with a fatigue limit, 
thus making it a much more attractive material than plain concrete, which appears to 
have no such limit (Hsu, 1981). Li and Matsumoto (1998), through their model, showed 
that a fatigue limit exists for SFRC. Ramakrishnan and Lokvik (1992) suggested that 
SFRC reaches an endurance limit at approximately 2x106 loading cycles. However, 
Johnston and Zemp (1991) proposed that tests up to 10x106 cycles need to be carried 
out to confirm its existence. In general, the question of whether FRC has a fatigue limit 
remains unresolved. 
The addition of steel fibers has been found to substantially improve load-
bearing capacity and resistance to crack growth (Morris and Garrett, 1981), but to 
have a dual effect on the cyclic behaviour of concrete. Fibers are able to bridge 
microcracks and retard their growth, thereby enhancing the composite’s performance 
under cyclic loading, but, on the other hand, the presence of fibers increases the pore 
and initial microcrack density, resulting in strength decrease. The overall outcome of 
these two competing effects depends significantly on the fiber volume (Grzybowski 
and Meyer, 1993). Furthermore, the inclusion of fibers produces a more ductile 
behaviour during fatigue loading (Kwak et al, 1991; Spadea and Bencardino, 1997). 
Anyway, Yin and Hsu (1995) suggested that the presence of fibers only helps to 
enhance the composite behaviour in fatigue in the low cycle region. Fibers are not 
seen to provide any improvement for higher number of cycles. The presence of fibers 
is able to increase the fatigue life in the part of mortar cracking (low cycle region), but 
is unable to do so when bond cracking (high cycle region) starts. Consequently, the 
addition of fibers is considered unable to increase the fatigue limit of concrete. Studies 
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by Paskova and Meyer (1997) showed that fibers tend to dissipate more energy at 
lower stress levels compared to higher stress levels. 
 In Figure 2.24 are shown the linear regression lines for the results of the S-N 
curves analysis for plain concrete and SFRC, with 0.5% and 1.0% of fiber content, 
specimens under compression loading. It can be seen a slight degradation in the 
fatigue life of SFRC under compression loading. Cachim (1999) found a similar trend 
with one of his test series and attributed it to the introduction of additional flaws 
within the concrete matrix by the fibers.  
In the same way, in Figure 2.25 are shown the linear regression lines for the 
same specimens under flexural loading. Contrary to the observations for compressive 
fatigue loading, it seems to be a significant benefit derived from the addition of fibers. 
The improvement is slightly greater when the fiber content is increased from 0.5% to 
1.0%.  
  
Figure 2.24 – Comparison between S-N curves for   Figure 2.25 – Comparison between S-N curves for 
   plain concrete and SFRC (0.5% and 1.0% fiber             plain concrete and SFRC (0.5% and 1.0% fiber 
                content) under compression      content) under flexural loading 
 
In brief, the SFRC fatigue behavior in flexure, or even in compression and 
tension, is not completely understood in terms of all the influential variables yet. 
Despite the many claims made that fibers can be expected to improve the 
performance of concrete under flexural fatigue loading, there is little information in 
the technical literature documenting the quantitative influence and relative 
importance of such fiber parameters as amount, aspect ratio, and type.  
Anyway, there have been five especially important studies which are 
summarized in Table 2.9. It has to be noted that within these five studies there are 
some differences in the meaning attached to the term endurance limit (shown in Table 
2.9). Most interpret it as the maximum stress at which 2 million cycles of non-reversing 
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load can be sustained. Meanwhile Batson, 1981 used completely reversing load cycles 
in some of his tests and Tatro, 1978 refers to the endurance load as the maximum load 
at which an infinite number of cycles can be sustained, which is normally termed 
"fatigue limit" in metals handbooks. 














over a control 
concrete without 
fibers (%) 
Batson et al., 1981 X 2.0 – 3.0 70 – 89 43 – 71 - 
O’Neill, 1978 X 1.40 30 – 70 50 – 55 - 
Ramakrishnan, 
Oberling and Tatnall, 
1987 
X 0.50 – 0.75 75 – 100 87 – 96 - 
Tatro, 1987 ✓ 0.60 – 1.50 53 – 86 53 – 69 84 – 101 
Ramakrishnan, Wu 
and Hosalli, 1989 
✓ 0.50 – 1.0 40 – 100 55 – 85 71 – 158 
 
As shown, in all the carried out investigations there is a big scatter both in the 
fiber content and in the aspect ratio. Anyway, in all the studies which have been 
compared to a control concrete without fibers it has been demonstrated a huge 
improvement in front of flexural fatigue loading.  
Furthermore, Colin, 1991 demonstrated in his investigation of FRC’s flexural 
performance under static loading that the ultimate strength based on the maximum 
load is only slightly greater (2.1% on average) than the first-crack strength and the 
deflection at maximum load is likewise little different from the first crack deflection. 
However, this may not always be the case, especially for fiber-matrix combinations 
that produce multiple peaks on the load-deflection curve with the maximum load at a 
deflection much higher than the first-crack deflection.  
On the other hand, in his study about FRC’s flexural performance under fatigue 
loading determined that since fatigue failure occurs almost immediately after the 
matrix cracks, analysis of performance with respect to first-crack strength may be 
more meaningful. In terms of first-crack strength, the range of the performance 
spectrum increases slightly. 
Fiber parameters 
The main benefit of the addition of fibers in the concrete matrix is the 
increased ability to absorb energy. Increasing the fiber content and the aspect ratio, 
the amount of energy spent on crack growth of SFRC under fatigue load is increased 
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(Chang and Chai, 1995). In this way, the main fiber parameter influencing the fatigue 
performance of SFRC seems to be the fiber content. On the other hand, the aspect 
ratio and fiber type are secondary in importance (Johnston and Zemp, 1991, Naaman 
and Hammoud, 1998). 
- Fiber content: in general, high fiber contents are expected to produce better 
fatigue performance, as there are more fibers available to bridge cracks and 
provide ductility and energy absorption capacity. A higher number of fibers can 
then transfer a higher level of load and delay the pull-out process, thereby 
improving the composite behaviour under repeated loading. Grzybowski and 
Meyer (1993) found that there was a reduction in the fatigue life of SFRC 
compared to plain concrete for volume percentages above 0.25%. On the other 
hand, Paskova and Meyer (1997) reported that fibers substantially improve 
fatigue life of concrete independently of the volume percentage. 
- Fiber type: the fatigue performance of SFRC has been found to be significantly 
better than plain concrete. Steel fibers seem to be more effective compared to 
the polypropylene ones (Zhang and Stang, 1998). For volumes up to 1%, steel 
fibers are up to two times as effective as polypropylene fibers (Paskova and 
Meyer, 1997). The effectiveness of fibers on fatigue strength is increased if they 
are hooked rather than straight (Rafeeq et al, 2000). 
- Fiber orientation: it seems to influence the fatigue capacity of FRC under 
flexural fatigue loading (Mailhot et al, 2001). The post-cracking response of the 
material is very dependent upon the fiber distribution and the number of fibers 
in the critical cross-section of the test specimen (Komloš et al, 1995). 
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3.1.  INTRODUCTION 
The particular case studied in this thesis will be based on the extension of the 
Body Shop of the Almussafes Ford factory (Valencia, Spain). The building will consist of 
a one-storey, steel-framed structure. Its area is about 90.000 sqm. The topography 
around the site is quite horizontal; however there are some horizontal platforms at 
different levels. For the building construction, the execution of a structural concrete 
slab was foreseen. Aside from the regular service loads for this kind of structural 
elements, localized loads originated by many robots KR 360-500 needed to be taken 
into account.    
These robots are directly supported in a plate system which transmits the loads 
to the reinforced concrete slab and therefore, to the ground. Moreover, these robots 
do not only transmit both vertical and horizontal loads to the pavement, but also 
introduce a concentrated moment, which is not commonly considered at project-level. 
The standards and calculation models used at project design, does not foresee neither 
a load nor boundary conditions of this nature. Although it is possible to present some 
simplifications or hypotheses which are on the safety side, it is more appropriate to 
solve this case in a particular way adopting the a respond hypothesis of the ground – 
structure system in order to identify the parameters which control the way the 
material works in front of this load.  
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Thus, it has been considered adequate the use of structural fibers as concrete 
reinforcement in order to deal with the tractions produced by the different loading 
configurations. It will also be taken benefit of the technical and economical advantages 
of its use.  
 
3.2.  GEOTECHNICAL REPORT 
3.2.1.  Scope of report 
In order to face the conditions that would surround the implementation of the 
project, a geotechnical report was demanded by Integral, SA to Arin Ingenieros 
Consultores, SA. The main aim of the investigation was to provide information on: 
       - Subsurface conditions including groundwater 
       -    Excavation conditions, earthworks and site preparations 
       - Recommendations regarding the design of foundations and retaining wall 
       - Geotechnical design parameters  
3.2.2.  Site investigation 
After a first site walk-over survey, the field works were carried out consisting of 
fifteen boreholes and twenty dynamic penetration tests. Simultaneously with the drill 
advance, static penetration tests (SPT) were performed, with disturbed sample intake, 
for subsequent laboratory testing. Eight undisturbed samples (MI) and four sane rock 
core (TR) were recovered, where the soul nature permitted. Upon completion of the 
field investigation, samples obtained from test pits were transported to Grupo de 
Ingeniería y Arquitectura, SL laboratory for further examination and testing.  
3.2.3.  Subsoil and soil descriptions 
 In order to obtain background geological information, it was reviewed the 
"Mapa geológico de España", published by IGME in 1973, and the correspondent 
report. The studied area is located in the sheet Nº747, "Sueca" (scale 1:50000). In 
Figure 3.1 it is shown the mentioned area. Finally, it was determined that the 
Almussafes village is underlain by:        
       -   Deposits of Quaternary Age, formed by clay and silt 
       - Materials of Tertiary Age, formed by very stiff clays and layers of limestone 
 
 
  Marc Morata Fernández  
45 Particular case 
 
Figure 3.1 – Extract of “Mapa geológico de España” of the studied area 
Moreover, ground water was encountered in open boreholes at depths lower 
than 3.80 m. The groundwater levels encountered may or may not represent stabilized 
water level readings as the borings were backfilled upon completion for safety. The 
final design should anticipate fluctuations in the hydrostatic water table depending on 
variations in precipitation, pumping or similar factors.  
Furthermore, after the basic seismic acceleration evaluation the soil can be 
classified as:   
 Stratum 0: Concrete pavement, made ground and topsoil – Class III-IV soil 
Topsoil was encountered at borings performed in landscaped areas with a 
thickness between 0.10 m and 0.50 m. The concrete and the subgrade soil were 
encountered in existing paved areas. The thickness of the concrete pavement 
varies between 0.05 m and 0.35 m. Made ground consists of compacted fill, 
encountered below the pavement.  
 Stratum 1: Silty and slightly gravelly sand – Class II soil 
This soil was encountered in the totality of the boreholes and it consists of 
medium dense to dense yellowish brown silty find sand with varying amounts 
of gravel. The amounts of gravel tend to decrease at lower depths. Typical 
thickness is between 0.55 m and 5.15 m.  
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 Stratum 2: Fractured limestone – Class II soil 
In the majority of boreholes it was encountered fractured limestone inter-
layered with Stratum 1 sands. This material consists of a yellowish gray fine to 
medium grained strongly cemented moderate strong limestone. It was 
recovered samples whose length varied between 10 cm and 20 cm.  
 Stratum 3: Sandy clay with a little gravel – Class IV soil 
This soil was encountered in the East part of the site. It is described as firm 
yellowish red sandy clay with a little loose fine gravel. Traces of decayed 
organic matter in addition to organic odors were also noted. 
 Stratum 4: Sandy silt and clay – Class III soil 
In many boreholes it was recorded a very stiff brown sandy silt and clay layer. 
There is a trend whereby the silt becomes stiff yellowish red sandy silty clay 
with depth.  
The soil description was based upon the results of the drilling, sampling and the 
laboratory testing performed. The division of soil horizons was based on visual soil 
descriptions and laboratory classification data associated with the borings.  
Finally, two samples were tested to determine the sulphate content according 
to EHE 08. The soluble sulphate concentrations showed that no sulphate attack was 
expected for concrete in contact with soil and water. Therefore, it was stated that 
Type IIa cement would be suitable for use in concrete at the site.  
3.2.4.  General recommendations 
Once all the field works were performed, the geotechnical study concluded that 
the site was stated as suitable for the proposed development, although the site 
conditions were not straightforward. The amount of site preparation required would 
depend on the zone and how deep the foundation would be placed. Based on the 
results of their investigation a few general recommendations were presented.  
From the information provided by the structural engineer, it was indicate that 
the proposed development comprised various one-storey structures founded at a 
single platform level, involving quite large volumes of cut and fill across the site. In this 
way, a maximum axial load up to 1200 kN on columns and up to 50 kN/m2 on floor 
slabs were estimated.  
It was also recommended to design spread footings, placed on the following 
soils: 
 Stratum 0: Compacted fill 
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 Stratum 1: Silty and slightly gravelly sand 
 Stratum 2: Fractured limestone 
 Stratum 3: Sandy clay with little gravel 
 New compacted structural fill 
As it can be seen, the previous Stratum 0 (concrete pavement, subgrade soil 
and topsoil) was recommended to be removed from below the proposed building 
areas. It would not be suitable for support of building foundations and grade-
supported slabs.  
 Furthermore, foundations design parameters were different depending on the 
soil that foundation would be placed on. It was defined a zoning with two different 
types of supporting foundation soil, shown in Figure 3.2.  
 Zone A: Stratum 1 (Silty and slightly gravelly sand) and Stratum 2 (Fractured 
limestone) – A maximum allowable bearing pressure of 250 kPa for footings is 
recommended and a modulus of subgrade reaction, k, of 80 MN/m3 may be 
used. 
 Zone B: Existing and new compacted fill and Stratum 3 (Sandy clay with little 
gravel) – A maximum allowable bearing pressure of 150 kPa is recommended 
and a modulus of subgrade reaction, k, of 20 MN/m3 may be used. 
Besides, every footing founded on new structural fill was recommended to be 
designed with Zone B parameters, although it was located in Zone A. 
 
Figure 3.2 – Zoning determined in the geotechnical report 
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 For further knowledge, it is presented in Annex 2 the method of statement for 
the pavement construction. 
 
3.3. CONSTRUCTIVE PROCESS 
In order to face the regular service loads and the localized loads originated by 
the previously mentioned robots, it was determined the execution of a structural 
concrete slab for the building. The concrete mix design was provided by the concrete 
plant in the class HA-30 and the main reinforcement was 35 kg/m3 of steel fibers type 
Hard X 1-50. According to the static calculations and on site built subbase, the designer 
decided to use a slab thickness of 20 cm. In Figure 3.3 it is shown a sample of the fibers 
used.  
 
Figure 3.3 – Sample of Hard X 1-50 fibers 
Many studies and assays were initially made both in site and in laboratories to 
evaluate the adequacy of the mortar, aggregates and steel fibers for the slab 
construction. During the constructive process, many other tests were rehearsed to 
assure the effectiveness of the slab. From now on, it is going to be presented the 
different steps and procedures that were performed for the constructive process of 
the SFRC slab until its adequate completion. 
 To start, the support layer was delivered in the construction site previously to 
the slab execution, in order to assure that it comply with all the requirements. It could 
not have fluid pockets in the ballast mass as well as it was forbidden the presence of a 
sand layer on the top of the platform. Furthermore, it was neither accepted the 
presence of big stones in the surface that could pierce the polyethylene film (see 
Figure 3.4.a) that was placed between the subbase course and the concrete slab with 
steel fibers. 
Then, many preparatory works were executed, understanding this as all the 
works and measures that were performed before casting the first reinforced concrete 
layer. According to the design, all the additional reinforcement was installed along the 
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dilatation joints, around the columns and between two different columns. The 
separation between the floor and the structural elements (columns and walls) was 
made by laying an expanded polyethylene strip. At this moment, both working and 
dilatation joints were installed on the designed specified axes.   
 Once all the preliminary works were concluded, the concrete was mixed in the 
concrete plant HOLCIM and transported to the work site. The addition of the steel 
fibers was also made at the plant with a special dosage machine in order to have an 
appropriated mixing duration: for every 1.00 m3, 35 kg of steel fibers would be added. 
The initial concrete formulation is shown in Table 3.1.   
When the concrete arrived to the building site, it was directly placed from the 
mixing machine to the prepared layer, as it can be seen in Figure 3.4.a, and casted in 
wide strips of between 3.50 and 4.00 m, from the left to the right and on the entire 
surface width. After the concrete casting, vibrating with a Laser Screed machine 
started, reaching the expected final quota. The floor edges were vibrated with a pocket 
vibrator and leveled to the quota with a floating vibrating beam, as seen in Figure 
3.4.b. Finally, the leveling was due to term, as shown in Figures 3.4.c and 3.4.d.  
Table 3.1 – Initial concrete formulation 
Components Type Quantity for 1.0 m3 
Cement Multi Cem II/A-V 42,5R 310 
Aggregates 
0 – 4 620 
6 – 12 608 
12 – 20 626 
Admixtures 
MapePlast N16 2.79 
Additive Dynamon Easy 33 1.86 
Water -  145 
Steel fibers 
50 mm 35 
20 mm 0 
Total weight kg 2345.10 
 
After the first strips were poured, it was realized that some cracks appeared in 
some parts of the surface, as seen in Figures 3.5. After some time, these cracks 
became bigger until a layer between 1 and 2 mm of thickness broke apart, as shown in 
Figure 3.6. After many studies, it was determined that there was an accumulation of 
fine aggregates in the top layer due to an excess of vibrating and an early start of the 
floating operation.  
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Figures 3.4 – Concrete casting (a), vibrating (b) and leveling (c and d) 
 
      
                       
Figure 3.5 – Examples of crack appearance in the surface 
c) d) 
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In order to reduce this effect, the strips that had already been made were 
moistened many times during the day, as seen in Figure 3.7, and some measures were 
adopted: 
       - Minimize as much as possible the vibrating to prevent the fines segregation. 
       - Control the waiting time and execution of the floating operation. 
       - Change the concrete formulation to another more fluid and with a curing 
accelerator. This second formulation is shown in Table 3.2.  
    
                Figure 3.6 – Top layer breakage                         Figure 3.7 – Moistening of the slab surface 
Table 3.2 – Second concrete formulation 
Components Type Quantity for 1.0 m3 
Cement Multi Cem II/A-L 42,5R 310 
Aggregates 
0 – 4 800 
6 – 12 360 
12 – 20 685 
Admixtures 
MapePlast N16 2.17 
Additive Dynamon Easy 33 3.10 
Water -  155.00 
Steel fibers 
50.00 mm 40.00 
20.00 mm 0.00 
Total weight kg 2355.27 
 
Despite the adopted measures, the superficial cracks and the disappearance of 
the top layer in some spots of the slabs had to be repaired. The reparation was made 
with the application of a non-retraction self-leveling mortar from the SIKA trademark, 
which after many previous operations was applied in the deficient parts creating a 
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homogeneous surface, equal to the rest of the area. In Figures 3.8a and 3.8.b is shown 
the application of the mortar as well as the final result.  
   
Figure 3.8 – Application of the SIKA mortar and final result of the reparations 
 After the reparation and once the concrete could be walked, the whole surface 
was toweled with a power trowel fitted with special plates, in order to reach 
uniformity and that the grey floor becomes glassy. Afterwards, the floor had to be 
maintained during one week under a thin film of water, although it was not done 
correctly and some superficial cracks appeared for the second time.  
Due to this, it was finally decided to use the sodium silicate system Ashford 
Formula as a concrete sealant. It was applied 200 g/m2 over the entire concrete 
surface through a pump in order to cure the concrete and increase its density as well 
as eliminate the dust from the Portland cement. When the surface showed a slippery 
effect, it was all cleaned with clear water. 
Finally, 24 hours after the concrete finishing the saw joints were cut, being 
made at 1/3 from the total thickness. The resulted mud was immediately removed 
before it became dry. Two months after the concrete casting, some grooves were 
permanently sealed and others were left without sealing, as seen in Figures 3.9.a and 
3.9.b.  
   
Figures 3.9 – Examples of sealed (a) and non-sealed (b) joints 
a) b) 
a) b) 
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To conclude, in Figures 3.10 (a and b) can be seen the final result of the SFRC 
pavement. Furthermore, in Figures 3.11 (a, b, c and d), is shown the concrete 
pavement once the robots were set in the factory. 
   
Figures 3.10 – Final result of the SFRC pavement (a and b)  
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 As already mentioned, for the construction of the new Ford building in 
Almussafes, Valencia (Spain), a structural concrete slab was foreseen to allocate future 
machinery. Apart from the usual service loads, there will also be a localized load 
condition originated by the presence of robots KR 360-500, which will work all over the 
factory. 
In order to support these loads it was considered to be appropriate the use of 
steel fibers as the main reinforcement for the concrete pavement. Thus, the pavement 
design was tackled from many points of view as well as from the use of some of the 
design models presented in Chapter 3, in order to face the particular load induced by 
the robots. What follows, is an overall analysis of the methodology used from a wider 
perspective in the aim of getting a qualified opinion on the solution adopted with the 
benefit of the hindsight.  
 
4.2. CRITICAL ANALYSIS OF THE CALCULATIONS 
4.2.1.  Westergaard method 
This method is sustained in a set of initial hypothesis presented by 
Westergaard. The following statements provide the basis for pavement design: 
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- A constant thickness concrete slab behaves as an elastic, lineal, isotropic, 
continuous and homogeneous medium, defined by its modulus of elasticity (E) 
and its Poisson coefficient (ʋ). 
- The reaction of the support is considered, in every point, proportional to the 
vertical displacement of itself as if it was supported on springs, with a constant 
of proportionality known as Ballast Module (k).  
- The concrete slab is equilibrated under the traffic loads, its own weight, the 
support reactions and the reaction of the continuous slabs.  
Given this and through the study of the Westergaard method, it is proposed the 
following SFRC pavement design solution: a slab thickness of 200 mm, made of 
concrete with a characteristic compressive strength of fck,28 = 30 N/mm
3 and reinforced 
with 25 kg/m3 of fibers Hard X Fibre SF 50/1.0. 
In relation to the base calculations and the adopted hypothesis, it is noted that: 
1. The solicitations and the slab response are obtained attending to elastic 
standards. Likewise, the particular action of the robot KR 360-500 has been 
considered decomposing the moment perceived into torque compression-
traction acting on the robot anchoring plates. 
2. It has not been taken into account the fibers mechanical contribution, as the 
calculations have been approached on elastic standards. In this way, the fiber 
content would have been proposed due to the experience of the own business 
in this field work.  
It must be highlighted, that this proposed Westergaard method solution has 
not considered any partial safety factors, neither to the materials nor to the actions. 
Likewise, it has neither been studied the effect that the fatigue might have in the long-
term strength of the pavement. Furthermore, the ballast module used in the 
calculations is 100 MN/m3 opposite to the 80 MN/m3 that are reached as a maximum 
in Zone A, according to the geotechnical report. This fact can lead to permanents seats 
or hiperstatic strains which might not be considered at design level.   
In order to start the pavement design, some parameters depending on the 
materials and the soil data must be presented. These parameters are showed in Table 
4.1. 
The expected loading overview, aside from the concrete shrinkage, is supposed 
as a uniformly distributed load (UDL), the concentrated loads expected from the robot 
and the fork lift truck loads are also foreseen. In Figures 4.1 the different models for 
each loading case are presented including a final verification for each of the cases.  
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Table 4.1 – Design parameters depending on the materials and soil data 
Concrete 
Slab thickness (h) 200 mm 
Characteristic compressive strength (fck) 30 N/mm
2 
Tensile strength (σt) 5.50 N/mm
2 
Poisson factor (ν) 0.15 
Modulus of elasticity (E) 30000 N/mm2 
Soil data 
Subgrade modulus (k) 100 MN/m3 
 
   
            Loading model for UDL                                                      Loading model for the robot     
            concentrated forces                                               
 
  Loading model for the fork lift truck  
Figures 4.1 – Loading models for the expected loads 
Verification  
During the resolution of the particular case through the Westergaard method, 
the verification is realized for the UDL, the robots loading and the fork lift truck. The 
characteristics for each loading case are presented in Tables 4.2 to 4.4. 
Table 4.2 – UDL characteristics 
Uniformly distributed load (UDL) 
Value (q) 50 kN/m2 UDL 
Action mode Variable 
Interior distance between 2 zones (2a) 2400 mm 
Exterior distance between 2 zones (2b) 7800 mm 
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Known all the UDL values, it was initially found the parameter λ and later the 




   
 
 = 0.00104 [4.1] 
 Mc =  
 
   
[       (  )          (  )] = 6396 Nmm [4.2] 
Finally, it is estimated the unitary effort (σf), which is found inferior than the 
concrete’s tensile strength. 
 σf = 
  
  
= 0.959 MPa < σt = 5.50 MPa  [4.3] 
 
Table 4.3 – Robot loading characteristics 
Robot KR 360/500 loading 
Moment value (Mk) 84500 Nm 
Punching shear value (Fv) 40500 N 
Trace radius (a) 0.84 m 
Press load (Fv/4 + Mk/a) (q1) 141 kN 
Press load (Fv/4 - Mk/a) (q2) - 44 kN 
Length (Lx) 614 mm 
Width (Ly) 614 mm 
Distance between 2 feet (Z) 840 mm 
 
In order to calculate the maximum unitary effort (σf) it is necessary to find the 
values of the relative stiffness radius (l) and the equivalent contact radius (b*): 
 
l = √
   
   (    )   
  = 764.17 mm [4.4] 
 b* = b if b ≥ 1.72h 
[4.5] 
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Finally, it will be estimated the σf value, demonstrating that is inferior than the 
concrete’s tensile strength. 
 σf = 
 (    )  
  
 (  (
 
  
)        )  = 5.45 MPa < σt = 5.50 MPa [4.6] 
 
Table 4.4 – Fork lift truck characteristics 
Fork lift truck 
Axle load (q) 65 kN 
Wheels on the axle 2 
Cycles per day 100 
 
In the same way that in the robot loading verification, the relative stiffness 
radius (l) and the equivalent contact radius (b*) are estimated, being l = 681.24 mm 
and b* = 65.31 mm. anyway, this time three different situations must be evaluated: 
internal bending moment, bending moment at the edge and bending moment at the 
corner.  
 Internal bending moment  
 σf = 
 (    )  
  
 (  (
 
  
)        ) = 1.321 MPa [4.7] 
 Bending moment at the edge  
 σf = 
 (    )  
  (    )  
 (  (
   
        
)        
     
 
  
     (    )
 
  ) = 4.91 MPa [4.8] 









   
) = 0.520 MPa 
[4.9] 
As it can be seen, each of the situations gives an inferior value than the fork lift 
truck loading hypothesis, verifying then the proposed solution.  
4.2.2.  Yield line theory 
The elastic analysis equations developed by Westergaard are still used 
extensively worldwide for the design of ground-supported slabs but they have been 
improved in the last years. As a result of these improvements arose what nowadays is 
known as ‘Yield line theory’ method. The design checks are carried out on both 
strength and serviceability of the slab. 
The parameters that control the design of a ground-supported slab at the 
ultimate limit state are not as clear as for general reinforced concrete design, where 
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'ultimate' refers to the strength of the structure and 'serviceability' to the limitation of 
crack widths and deflections, among others. For ground-supported slabs, two ultimate 
strength modes of failure of the concrete slab are possible: flexure (bending) and local 
punching.  
Slab design for flexure at the ultimate limit state is based on yield line theory, 
which requires adequate ductility to assume plastic behavior. At the ultimate limit 
state, the bending moment along the sagging yield lines may be assumed to be the full 
plastic or residual post-cracking value. However, a principal requirement in the design 
of ground-supported slabs is the avoidance of cracks on the upper surface.  
On the other hand, at the ultimate limit state the bending moment along the 
hogging yield lines is limited to the design cracking moment of the concrete, with the 
corresponding partial safety factors. Other important parameters adopted by the 
Hypothesis of Westergaard are the radius of relative stiffness (l) as much as the 
position and influence of the different loads applied all along the slab.  
Given this and through the study of the Losberg’s yield line theory (1978), it is 
proposed the following SFRC pavement design solution: a concrete slab with 200 mm 
of thickness, made of concrete with a characteristic compressive strength of fck,28 = 30 
N/mm3 and reinforced with 30 kg/m3 of fibers 3D 80/60 BG. 
In relation to the base calculations and the adopted hypothesis, it is noted that: 
1. The solicitations have been obtained according to classical hypothesis from the 
elastic calculation of slabs supported by elastic ground.  
2. The response at section level has been made simplifying the SFRC contribution 
in the resistant mission. 
3. Partial safety factors have been considered for the actions, although some of 
them are different from the ones suggested in the EHE-08. Anyway, they are 
adequate in order to evaluate the possible uncertainties that can exit in 
relation to the actions and in accordance with the lineal elastic calculation that 
is presented. 
4. The possible effect that could produce a differential seat from the support 
material at mechanical level has been taken into account. 
Furthermore, in this case the robot action has been decomposed into many point 
loads acting in the respective anchoring plates. Anyway, neither the load intensity nor 
the simultaneity have been correctly counted. The fatigue effect has also been 
ignored.  
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In the same way that in the previous solutions, first of all some design 
parameters depending on the materials and the soil data must be presented. These 
parameters are showed in Table 4.5. 
Table 4.5 – Design parameters depending on the materials and soil data 
Concrete 
Characteristic compressive strength (fck) 30 N/mm
2 
Flexural strength (ffctm) 4.80 N/mm
2 
Relaxing factor (Kc) 2.60 
Poisson factor (ν) 0.15 
Modulus of elasticity € 30000 N/mm2 
Shrinkage coefficient (‰) (ε’c) 0.40 
Steel fibers 
Re,3 value 68.75 % 
Soil data 
Subgrade modulus (k) 0.070 N/mm3 
 
To continue, the partial safety factors that will be used for the ultimate limit 
state and the service limit state are shown in Table 4.6. Furthermore, the different 
possibilities for the loading cases are presented in Table 4.7.  
Table 4.6 – Partial safety factors for ULS and SLS 
 Ultimate limit state 
(ULS) 
Service limit state 
(SLS) 
Safety factor for concrete 1.50 1.00 
Safety factor for SFRC 1.25 1.00 
Safety factor for steel 1.15 1.00 
Variable load 1.25 1.00 
Dynamic load 1.40 1.00 
 
At the same time, in each loading case there are many possible situations. Since 
it is not possible to know beforehand the performance that will be needed, it is 
necessary to consider all the different combinations and find out the worst case with 
the highest strains.  
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Table 4.7 – Possible loading cases and its characteristics 
4 point loads in rectangle 
          Value (P) 110 kN each 
          Baseplate  614 mm each 
          Distance between 2 loads (a) 674 mm 
Two wheel loads 
          Value (W) 35 kN 
          Contact pressure 1.00 N/mm2 
          Distance between loads (a) 900 mm 
Uniformly distributed loads (UDL) 
          Value (Q) 50 kN/m2 
          Width 1000 mm 
 
In the 4 point loads in rectangle case there are four main situations (with many 
possible combinations considered in each) depending on their position in the 
pavement. All the situations are named below and illustrated in Figures 4.2. 
Furthermore, the most unfavorable combinations for each case are presented in Table 
4.8. 
 In the center of the pavement  
 In a retraction joint  
 In a work or expansion joint 
 In the intersection of contraction joints  
 
       
                  Four point loads in rectangle                                        Four point loads in rectangle  
        in the  centre of the pavement                  in  a retraction joint 
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                Fourpoint loads in rectangle                                    Four point loads in rectangle in  
         in a work or expansion joint     the intersection of contraction joints 
Figures 4.2 – Models of the 4 point loads cases 
Table 4.8 – ULS and SLS values for the different load positions in the 4 point loads in rectangle case 
Load position Case ULS value SLS value 
Pavement center 
 
21.80 kNm/m 17.44 kNm/m 
Retraction joint 
 
34.19 kNm/m 27.35 kNm/m 
Work/expansion joint 
 
27.38 kNm/m 21.91 kNm/m 
Intersection of contraction joints 
 
9.93 kNm/m 7.94 kNm/m 
 
Moreover, in the two wheel loads case there are also four main situations (with 
many possible combinations considered in each, again) depending on their position in 
the pavement. All the situations are named below and illustrated in Figures 4.3. 
Furthermore, the most unfavorable combinations for each case are presented in Table 
4.9. 
                  
             Two wheel loads in the intersection                                   Two wheel loads in the  
                       of contraction joints      centre of the pavement 
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                     Two wheel loads in                                  Two wheel loads in a 
                       a retraction joint                  work or expansion joint 
Figures 4.3 – Models of the two wheel loads cases 
Table 4.9 – ULS and SLS values for the different load positions in the two wheel loads case 
Load position Case ULS value SLS value 
Intersection of contraction joints 
 
11.44 kNm/m 7.00 kNm/m 
Pavement center 
 
9.34 kNm/m 5.43 kNm/m 
Retraction joint 
 
12.38 kNm/m 7.29 kNm/m 
Work/expansion joint 
 
8.91 kNm/m 5.18 kNm/m 
 
Finally, in the uniformly distributed load case there is just one possible situation 
where the load is situated in the center of the pavement. This situation is illustrated in 
Figure 4.4 and its value is presented in Table 4.10. 
 
Figure 4.4 – Uniformly distributed load in the center of the pavement 
 
Table 4.10 – ULS and SLS values for the uniformly distributed load case 
Load position Case ULS value SLS value 
Center of the pavement 
 
11.05 kNm/m 8.84 kNm/m 
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 Besides, a remarkable situation is contemplated in this design solution: the 
subgrade differential seat. This seat, illustrated in Figure 4.5, is considered as an 
imposed deformation according to the curve related to equation [4.10]: 
 
Figure 4.5 – Subgrade differential seat modeling 
 
 w(x) = wmax *           (
   
  
)+  [4.10] 
 
The imposed deformations by the differential seat are considered as 
permanent loads. The bending moment (Mw) in a slab for a known differential seat 
(Wmax) over a distance Lx is calculated as follows: 
 Mw = kp *
            
  (     )   
+  = 0 kNm/m [4.11] 
 where 
 kp = 
 
      
 = 0 
Finally, according to the yield lines and selected loads analysis it has been 
calculated the maximum moments presented in Table 4.11 and 4.12. 
Table 4.11 – Maximum moments for the ULS and SLS 
 Ultimate limit state Service limit state 
Bending 
moments 
Loads (m + m’)max 34.19 kNm/m (m + m’)max 27.35 kNm/m 
Retraction - - Ms 4.64 kNm/m 
Temperature - - MΔT 1.73 kNm/m 
Differential 
seat 
- - Mw 0 kNm/m 
Slab thickness 200 mm 
Flexural strength needed 
fSF = (
  (    )
  
  
    
  
) γSF fSF = (
  ∑( )
  
  
    
  
) γSF 
3.16 N/mm2 1.16 N/mm2 
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Table 4.12 – Maximum moments for the ULS and SLS related to the materials 
 Ultimate limit state Service limit state 
Concrete     
stresses 
ffctk,d = 
    
  
 2.60 N/mm2 ffctk,d = 
    
  
 3.90 N/mm2 
Fibers 
Type 3D 80/60BG Type 3D 80/60BG 
Dosage 30.00 kg/m3 Dosage 10.00 kg/m3 
ffct, eq,150 3.30 N/mm
2 ffct, eq,450 1.65 N/mm
2 
Ductility (%) Re,3 (%) = 
           
    
 68.75 Re,3 (%) = 
           
    
 34.38 
 
As seen, both ffct,eq,150 and ffct,eq,450  are higher than the fSF as well in the ULS as in 
the SLS, verifying then the recommended slab design of 200 mm of thickness and 30 
kg/m3 of steel fibers. 
4.2.3. Westergaard method and Yield Line Theory 
In order to combine the advantages of the methods used previously 
(Westergaard method and Yield Line Theory), for this study have been taken base 
calculations and hypotheses from both of them. Known this, in this case it is proposed 
the following SFRC pavement design solution: a slab thickness of 200 mm, made of 
concrete with a characteristic compressive strength of fck,28 = 30 N/mm
3 and reinforced 
with 20 kg/m3 of fibers HE 75/50.  
The formulas for the solicitations and the slab response have been taken from 
the Technical Report 34 (Third edition, 2003) of the Concrete Society (UK). This study, 
anyway, does not include the analysis of the particular case of the load introduced by 
the robots neither the fatigue effect. In relation to the base calculations and the 
adopted hypothesis, it is noted that: 
1. The calculation for the point loads is approached in base to a plastic method 
(Yield line theory) and for the lineal and distributed loads in base to the elastic 
method (Westergaard). 
2. As required in these methods, the fiber contribution is taken into account 
through the use of the flexural equivalent strength coefficient (Re,3). In this 
coefficient it is implicitly considered the tensile residual strength of the SFRC. 
3. As it is recommended in these methods, it has been used partial safety factors 
for both tensile and compression concrete strengths, and for the actions. While 
all the partial safety factors were taken in relation to the Spanish normative 
EHE-08, in the permanent loads case, the adopted coefficient was slightly 
inferior (1.20 instead of the 1.35 recommended by the EHE-08). 
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Straightaway in Table 4.13 is presented some necessary input data to design 
the concrete pavement: 
Table 4.13 – Input data relative to the floor and steel the fibers 
Floor data 
Slab thickness (h) 200 mm 
Concrete class C30/37 
Distance between cutting joints 5.00 x 5.00 m 
Steel fibers 
Fiber designation HE 75/50 
Dosage rate 20 kg/m3 
 
Furthermore, the design parameters depending on the materials (concrete and 
steel fibers) and the soil data are presented now in Table 4.14. 
Table 4.14 – Design parameters for the concrete design solution 
Concrete 
Dead load of slab (g) 5 kN/m2 
Poisson factor (ν) 0.20 
Characteristic compressive strength (fck) 30 N/mm
2 
Mean compressive strength (fcm) 38 N/mm
2 
Mean axial tensile strength (fctm) 2.90 N/mm
2 
Secant modulus of elasticity (Ecm) 32836.60 N/mm
2 
Steel fibers 
Re,3 value 59 % 
Load transfer at the edge 20 % 
Load transfer in the corner 40 % 
Soil data 
Subgrade modulus (k) 0.070 N/mm3 
Radius of relative stiffness (l) 756 mm 
Friction parameter (µ) 0.70 
 
Additionally, the partial safety factors used both for the ultimate limit state and 
the service limit state are presented in Table 4.15. Finally, the admissible bending 
moments for the design are stated in Table 4.16.  
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Table 4.15 – Partial safety factors for ULS and SLS 
 Ultimate limit state 
(ULS) 
Service limit state 
(SLS) 
Permanent load 1.20 1.00 
Variable load 1.50 1.00 
Dynamic load  1.60 1.00 
Safety factor for concrete 1.50 1.00 
 
Table 4.16 – Admissible bending moments for ULS and SLS 
 
Ultimate limit state 
(ULS) 
Service limit state 
(SLS) 
Lower face Mp = 13.56 kNm/m Mn = 20.34 kNm/m 
Upper face Mn = 22.98 kNm/m Mn = 34.47 kNm/m 
 
Once all the input data, the design parameters and the partial safety factors are 
determined and the admissible bending moments are found, the verification of both 
the UDL and the fork lift truck has to be done, being presented as follows. Besides, in 
Figure 4.6 can be seen the loading modeling for both the UDL and the fork lift.  
  
              Loading model of UDL                                  Loading model of fork lift truck 
Figure 4.6 – Loading models of the expected loads  
 
Verification at Ultimate Limit State (ULS) 
 First of all, the characteristics of each loading case are presented in Table 4.17. 
Regarding to the verification at ULS of the UDL, as proved in the following, it is 
satisfied:  
 MUDL,u = 22.98 kNm/m > MUDL,E = 10.04 kNm/m OK 
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Table 4.17 – UDL and fork lift truck characteristics  
Uniformly distributed load (UDL) 
Value 50 kN/m2 UDL 
Action mode Variable 
Distance (2c) 3 m 
UDL characteristic 50 kN/m2 
UDL design 75 kN/m2 
Fork lift truck 
Value 70 kN fork lift 
Action mode Dynamic 
Total weight (c) 7 t 
Characteristic wheel load (qf) 32.50 kN 
Design load (PE) 52 kN 
Contact pressure (q)  5 N/mm2 
 
By its part, in order to verify the fork lift truck, the characteristic load and the 
design load have to be reduced at the edge and at the corner due to load transfer, as 
showed in Table 4.18. 
 
Table 4.18 – Values for the reduced characteristic and design loads  
Reduced characteristic load Value 
At the edge 26 kN 
At the corner 19.50 kN 
Reduced design load Value 
At the edge 41.60 kN 
At the corner 31.20 kN 
 
Furthermore, in this case it is necessary to take into account the three possible 
situations: internal load, load at the edge and load at the corner. In the same way, in 
each situation, it will be realized the verification of both the bending and punching 
shear. All the different cases and its own values are shown in Table 4.19. 
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Table 4.19 – Bending and punching shear verification for the different loads 
Design internal load Verification 
Bending 
Pu,i = 301.51 kN > PE,i = 52 kN OK 
Punching shear 
Pp,i = 515.13 kN > PE,i = 52 kN OK 
Design load at the edge Verification 
Bending 
Pu,e = 137.07 kN > PE,e = 41.60 kN OK 
Punching shear 
Pp,e = 272.21 kN > PE,e = 41.60 kN OK 
Design load at the corner Verification 
Bending 
Pu,c = 61.57 kN > PE,c = 31.20 kN OK 
Punching shear 
Pp,c = 143.43 kN > PE,c = 31.20 kN OK 
 
Verification at Service Limit State (SLS) 
 In the same way that in the ULS, some slab parameters are necessary for the 
verification at SLS. All these parameters are shown in Table 4.20.  
 Summing up the three relation stresses and ratios, we can find the first 
verification: 
 0.19 + 0.01 + 0.19 = 0.9 < 1.0 OK  
Finally, the deflection for each situation is shown in Table 4.21. 
Moreover, as the robots transmit to the pavement a maximum flexural 
moment of 84.50 kNm in a length of 1.328 m, the pavement should be able to resist 
63.63 kNm/m. Using a partial safety factor of γ = 1.25 for the SFRC, the previous value 
could be reached with the following solution: 
 30 cm of H-30 reinforced with 35 kg/m3 of HE 1/60 fibers  
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Table 4.20 – Slab design parameters for SLS 
Concrete 
Creep factor (ϕ) 2.60 
Lifetime of the building element 15 years 
Poisson factor (ν) 0.20 
Temperature coefficient (αT) 0.00001 
Temperature difference (ΔT) 5 ºC 
Distance between joints (L) 5 m 
Maximum ratio from all load cases at SLS 0.19 
Linear stress due to friction 
Applied tensile stress (σFR) 0.04 N/mm
2 
Relation tensile stress 0.01 
Flexion due to temperature and shrinkage 
Temperature gradient (ΔTmax) 0.03 K/mm 
Critical length (Lcrit) 2959 mm 
Bending moment due to temperature difference (MΔT) 2.44 kNm/m 




Bending moment due to shrinkage and temperature (Ms,ΔT) 6.58 kNm/m 
Flexural tensile stress due to shrinkage and temperature (σMs,ΔT) 0.99 N/mm
2 
Relation flexural tensile stress 0.19 
 
Table 4.21 – Deflections for the different load positions 
Load Load position Deflection (δ) 
70 kN fork lift Internal 0.193 mm 
70 kN fork lift At the edge 0.546 mm 
70 kN fork lift At the corner 0.923 mm 
  
In this case, the yield moment will be: 
 Mult = 
         
  
 (
            
     
  
            
     
            )  80.92 kNm/m [4.12] 
 
Therefore, the final design moment is: 
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 MR,d = 
    
   
 64.74 kNm/m [4.13] 
 
4.2.4. Finite Element Model (FE) 
In addition to the previous design solutions for the SFR concrete slab, a special 
study on the effect of the robot load on the concrete bedplate was carried out. The 
KR360/500 type robots are going to operate on the pavement of the future Ford plant 
in Almussafes (Valencia) and they are supported over a plate system which transfers 
the loads over the supporting structure, and this one on to the soil.   
This particular load case presents some inconveniences at design level, as it is 
not treated in the codes nor in the design guides for structural concrete pavements. 
Although simplifications and hypotheses on the safety side might be proposed in order 
to treat this structure, it has been considered suitable to give to this load case a special 
treatment as well as analyze its effects over the structural system soil – structure, 
trying to identify the parameters which control both the material response and the 
structural system when facing this special load.  
Hence, the goal of this study is to undertake a parametrical analysis by means 
of a Finite Element Model (FE) and other tools developed at the Departamento de 
Ingeniería de la Construcción in the UPC in order to verify whether it is possible to 
execute a SFRC pavement with 200 mm of thickness by using an amount of structural 
fibers attractive from a technical and economic point of view. In relation to the base 
calculations it is noted that: 
1. In order to simulate the effects that the robot will exert on the structural 
system, the commercial software SAP2000® has been used aiming to 
implement a non-linear analysis model resorting to the FE method which allows 
obtaining the stress and strain fields of the structure against different 
hypotheses in regard to the mechanical response of the soil. In this sense, the 
non-linearity of the mechanical behaviour of the structure is obtained due to 
the fact that the reaction of the soil has been simulated considering a spring 
system, which only works when is subjected to compression (under tension is 
inoperative).  
2. On the other hand, the consideration of the post-cracking strength contribution 
of FRC has been dealt with the Non Lineal Analysis of Evolutionary Section 
(AES,) developed in the Departamento de Ingeniería de la Construcción in the 
UPC. According to the design bending moments obtained derived from the 
structural analysis carried out with the FE model, the post-cracking residual 
flexural strengths (fR) of the FRC have been obtained. In this sense, the different 
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values of fR consist of the strength requirement to be meet by the FRC 
proposed by the concrete supplier.   
Otherwise, the main hypotheses considered for both of the models (the 
structural FE and the sectional model AES) as regards the material are the following: 
1. A FRC with a characteristic compressive strength at 28 days of 30 N/mm2 and 
density 23.5 kN/m3 has been considered. The other mechanical parameters 
have been calculated regarding the formulations gathered in Spanish Structural 
Concrete Guideline EHE-08 (which meets with the Model Code 2010 in aspects 
related to structural safety). 
2. The post-cracking residual flexural strength of the fibers has been simulated 
with a plastic perfect model of constant intensity, fctR = 0.45 · fRm,1, where fRm,1 is 
the flexural average post-cracking residual flexural strength associated to a 
crack width of 0.5 mm. This value could be derived from the notched beam test 
UNE-EN 14651. 
3. The soil has been simulated by means of a spring system which only operates 
when it is subjected to compression and whose tightness (Ks) has been 
considered variable (between 0.001 N/mm3 and 0.11 N/mm3), in order to 
assess the sensitiveness of the mechanical response of the structural system 
against this parameter. 
4. No partial safety factors for the material resistance are adopted since a Service 
Limit State analysis has been done for this study.  
On the other hand, as regards the structure: 
1. Four slabs of 7.00 x 5.00 m2 were simulated by means of the FE model by 
considering Shell Thick elements with a thickness of 200 mm. These four slabs 
are joined through shrinkage joints whose thickness has been considered to be 
of 50 mm. In this sense, the load transfer due to the aggregate interlocking and 
friction mechanisms have been taken into account from the side of safety. The 
external perimeter of the slab does not have any restriction to its free 
movement. In Figure 4.7 it is represented the mesh of the whole structural 
element considered.  
2. The robot loads (Fv = 40,5 kN and M = 84,5 kNm according to FORD 
specifications) have been distributed over the anchor plates being their 
dimensions of 200 x 400 mm2 and anchored over distributing plates of 614 x 
614 mm2. These plates and anchorage screws have been simulated according 
to the mounting drawings delivered by Ford and considering that the 
constitutive material is steel. In Figure 4.8 it is represented the pressure map 
 Diseño integral de pavimentos industriales de HRF frente a casos especiales de carga 
74 Chapter 4 
field due to the robot action over the anchorage plates, being the maximum 
compression and traction pressures -1.215 N/mm2 (compressions are 
considered to be negative) and 0.963 N/mm2. 
 
Figure 4.7 - FE mesh used to simulate the system soil – structure 
 
 
Figure 4.8 - Map of the pressures on the anchorage plates (the pressures on the other parts of the 
structure due to the robot load are inexistent) 
 
3. It has been analyzed the worst position of the robot which is considered to be 
when it is placed close to the intersection between two joints. 
4. An additional partial safety for the dynamic action γd = 1.60 has been 
considered although a SLS analysis has been dealt with. 
According to these hypotheses, this model suits enough with the actual 
mechanical response of this kind of structural elements and, in any case, on the side of 
safety. Basically, the main reason for carrying out an analysis on SLS is the low risk for 
the human life in case of failure of the pavement. According to this, the design 
requirements to be followed throughout this study consist of assessing the tension 
stresses produced in the influence zone of the robot as well as controlling the width of 
the cracks that might be generated, ensuring a suitable fR of the FRC. 
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Results obtained for Ks = 0.07 N/mm3 
In order to evaluate how the structure performs against the robot action, a first 
analysis has been undertaken. As a reaction module of the soil has been fixed Ks = 0.07 
N/mm3, which would be the representative value of the Zone A of the plant. Now, in 
Figure 4.9 it is reflected the displacement field of the system for the action of the self-
weight of the concrete, obtaining a uniform settlement of the slab with a maximum 
value of the displacement equal to δpp = - 0.063 mm. 
 
Figure 4.9 - Field of displacements of the slab subjected to the action of the self-weight of the concrete 
Besides, the effect of the isolated load of the robot (without considering the 
own weight of the pavement slab) is gathered in Figure 4.10. As it can be observed, the 
edges and corners of the slab tend to uplift, being the maximum ascendant 
displacement equal to δrobot = 8.30 mm.  
 
Figure 4.10 - Field of displacements of slab subjected to the isolated robot load 
In any case, this situation would not be possible since the own weight has a 
positive balanced effect which tends to reduce the effect of the robot action, as shown 
in Figure 4.11. Therefore, the effects of the robot action are located around an 
influence area concentrated over the anchorage zone and the maximum total 
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deflection under the combined action of both loads is δT = - 0.65 mm (descendant in 
the center of the slab). 
Regarding to the stress levels, the maximum value of tensional stress (σct,max) is 
reached at the face in contact with the soil and at the plate area supporting more 
compressive pressure, as it can be seen in Figure 4.12, being this tension stress close to 
6.00 N/mm2. Thus, it is higher than the average tensile strength of the concrete fctm, 
which is supposed to be 3.00 N/mm2 (suitable value for a concrete type C30/35). 
Under the assumed hypothesis, some cracking due to the direct robot action is 
expected during service operations. 
 
Figure 4.11 - Field of displacements of slab subjected to both the self-weight and the isolated robot load 
 
 
Figure 4.12 - Stress field (in N/mm2) at the bottom face of the slab under the combined action of 
the self-weight of the concrete and the robot load 
 
On the other hand, as it is shown in Figure 4.13, the maximum stresses existing 
at the upper face are concentrated on the plate area whose supports are subjected to 
traction due to the action of the robot and reach a σct,max = 4.60 N/mm
2. Thus, it is 
expected cracking on the upper face since fctm is expected to be exceeded. 
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Figure 4.13 - Stress field (in N/mm
2
) at the upper face of the slab subjected to the combined action of the 
self-weight of the concrete and the robot load 
Parametrical analysis 
According to the parametrical model developed and having analyzed how the 
system performs under the robot action, the parametrical analysis aims assessing the 
response of the system considering different values of Ks, ranging between 0.001 
N/mm3 and 0.11 N/mm3. The goal is to find out how this parameter influences on the 
final design of the reinforcement configuration of the slab. In Figure 4.14 are 
presented the curves which represent the maximum displacement δmax – Ks obtained 
for the combination of the self-weight and the robot loads. In each case, the maximum 
movement is reached on the central point of the slab.  
 
Figure 4.14 - Curves δmax – Ks obtained with the implemented FE model 
The results shown in Figure 4.14 highlight that for Ks values higher than 0.02 
N/mm3 (zone B of the plant), the maximum values of settlement do not exceed the 
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millimeter. These values are reduced and differential settlements or service problems 
are not expected to occur during the service life.   
Moreover, in Figure 4.15 it is showed the curve maximum tensile stress σct,max - 
Ks. This tensile stress, in the same way as for Ks = 0,07 N/mm
3, is always reached at the 
bottom face (in contact with the soil) and concentrated under the plates compressed 
by the effect of the robot. 
The results reflected on Figure 4.15 show that the increase of the support 
capacity of the soil for Ks values higher than 0.03 N/mm
3 does not lead to a reduction 
of the maximum tensile stresses σct,max, being this a constant value 6.00 N/mm
2 and, 
therefore,  expecting cracking (fctm  3.00 N/mm
2 < σct,max) for all the values of Ks. 
 
Figure 4.15 - Curve σct,max - Ks obtained with the FE model implemented. The robot load is increased by 
the dynamic coefficient γd = 1.60 
The same phenomenon is detected for the relation Mmax – Ks, as can be seen in 
Figure 4.16, stabilizing the value Mmax in 40 kNm/m for Ks ≥ 0.03 N/mm
3. Alternatively, 
if it could be proved that the loads of the robot include the possible dynamic effect or 
that the operations are carried out statically (slow without shocks), the value of the 
dynamic coefficient would be γd = 1.00. Under this hypothesis, the maximum tension 
stress σct,max would be reduced in each case to 3.70 N/mm
2 and the maximum moment 
Mmax to 24.00 kNm/m. 
Finally, as cracking is expected to occur during the service live, it should be 
notice that fibers are going to participate actively in the resistant mechanism of the 
concrete to face the tensile stresses and to bridge the cracks. In this sense, the proper 
geometry and dosage must be chosen in order to control the widths of the cracks that 
will appear during service operations. 
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Figure 4.16 - Curve Mmax – Ks obtained with the FE model implemented. The robot load is increased by 
the dynamic coefficient γd = 1.60 
DESIGN OF THE FIBRE REINFORCEMENT 
By means of the model AES, which includes constitutive equations for the 
simulation of the FRC, the crack widths derived for each analyzed case (different values 
of Ks) have been obtained. This analysis shows that for a proper control of the crack 
width, fixing a slab thickness of 200 mm and a soil presenting values of Ks not lower 
than 0.02 N/mm3, it is necessary to ensure the following: 
1. In case that the dynamic effect is not included in the design load of the robot 
(γd = 1.60), the post-cracking residual flexural strength of the FRC should be 
higher than 4.50 N/mm2. This is equivalent to an amount of structural fibers 
ranging 40 - 45 kg/m3. 
2. In case that the dynamic effect is included in the design load of the robot or it is 
non-existing (γd = 1.00), the post-cracking residual flexural strength of the FRC 
should be higher than 3.30 N/mm2. This is equivalent to an amount of 
structural fibers not lower than 30 kg/m3. 
The amount of fibers may change according to their geometrical or mechanical 
properties. This last issue may be advisable in this type of applications when expecting 
fatigue phenomena, cracking during service and other phenomena for which the 
combination of short and long length fibers leads to technical advantages. 
CONCLUSIONS AND RECOMMENDATIONS 
Finally, according to all the above mentioned, some conclusions and 
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loads transmitted by the robot to the pavement maintaining 200 mm as slab thickness 
and using a SFRC, only if it is ensured that: 
1. The quality of the support depends on the fact that the Ks does not present 
values lower than 0.02 N/mm3. Notwithstanding, values slightly higher than 
this one are recommended, since it is known that stresses and settlements 
tend to increase exponentially for values lower than 0.02 N/mm3, as showed in 
Figures 4.22 and 4.23. 
2. The post-cracking residual flexural strength of the concrete should be higher or 
equal to 3.30 N/mm2. This occurs when approximately 30 kg/m3 of steel fibers 
are used, considering the data used to carry out the calculations. This 
specification should be checked and may be increased properly, if it is 
estimated that relevant dynamic effects could be produced during the service 
operations of the robot.  
On the other hand, in addition to the former conclusions, it should be said that:  
1. Although the supporting specification associated to the flexural residual 
strength of the FRC is mandatory, it is recommended to use a mix dosage of 
short fibers (lengths 12 - 20 mm and diameters 0.15 – 0.40 mm) and long fibers  
(lengths 45 - 60 mm and diameters 0.60 – 1.00 mm), in order to find out 
synergies for facing cracking and fatigue phenomena. In this sense, according to 
other studies on the technical literature, using 30% short fibers and 70% long 
fibers may ensure a good response to both phenomena. 
2. There exist different methods that enable the assessment of the amounts and 
orientation of the fibers as well as the flexural response of the FRC. Following 
the same philosophy of those, there exist others enabling the same but with 
less dispersion, more agile and more versatile.  
3. It is recommended to assess as many possible number of load cycles of the 
robot to which the pavement might be submitted during the service life in 
order to analyze the possible fatigue phenomena and their influence on the 
performance of the structure. 
 











5.1.  INTRODUCTION 
 This chapter exposes the main conclusions from the different studies and 
investigations which have been analyzed in this thesis. This chapter is divided in two 
the conclusions and future lines of investigations, in order to give continuity to his 
study. 
 The main conclusions respond to the accomplishment of the objectives 
presented in Chapter 1, which have guided the development of the present study. 
These objectives were based in the contribution to open the path of the use of SFRC as 
a reinforced material in structural elements which have to bear huge tensile stresses, 
as in case of road pavements.   
In this way, it has been both studied the characteristics provided to the 
concrete due to the use of steel fibers and the design criteria of rigid pavements, as 
there is a huge scatter in regard to the use of SFRC in them.  
 In order to bring to reality all the information presented through Chapter 2, a 
particular analysis and characterization of real case of a rigid pavement in a recent 
executed factory is presented. 
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5.2. CONCLUSIONS 
 In the last years, the use of rigid pavements has been widespread in front of 
the decrease of use of the flexible pavements, always looking forward to increase the 
pavement efficiency and its resistance. In the same way, it has been presented many 
innovations in the composition of the reinforced concrete, in order to improve as 
much as possible its own characteristics.   
Thus, this thesis has followed many lines of research of the benefits of rigid 
pavements, offering the following conclusions: 
 Initially, in front of the 10 to 20 years of lifespan of a flexible pavement, the 
rigid ones offer a 40 -50 years lifespan. 
 The flexural strength that may be borne by the rigid pavement is substantially 
higher than the one borne by a flexible one. 
 Although the cost of a rigid pavement is initially higher, as the inversion made 
to its construction may be superior, the maintenance cost is highly reduced. 
Therefore, at long term, a rigid pavement is more economic than a flexible one.  
 Finally, a rigid pavement not only presents benefits in front of the flexible ones. 
It will suffer thermal stresses which would not be present in a flexible 
pavement and furthermore, it will be necessary the construction of joints.  
Moreover, the use of rigid pavements has opened the path to further studies. 
In this way, Steel Fiber Reinforced Concrete (SFRC) has been found as an efficient 
alternative to the common reinforced concrete (referring to bars and steel mesh), as 
its use presents many advantages and contributes to improve the pavement 
conditions. The most important are presented below: 
 The SFRC provides a ductile behavior to the slab, taking advantage of its 
resistance capacity which continues bearing the tensile strength after the first 
crack. 
 It improves the tensile, flexural and impact strengths. 
 Furthermore, the SFRC controls the cracking and improves the post-cracking 
properties of the slab. Especially important will the post-cracking strength.  
Another important advantage that should be studied with further detail is the 
fiber effect in the fatigue cycle. It has been found that the addition of steel fibers in a 
rigid pavement improves the behavior of the concrete in front of the fatigue, although 
it is not still clear the way in which it works.   
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On the other hand, when talking about the different pavement design criteria, 
two absolutely contrary ways of design, with the same purpose, have been found out. 
The first ones, the analytical methods, consider explicitly each of the acting variables in 
order to obtain the stresses and deformations that take place in the pavement, and 
the second ones, the empiric methods, take all the factors in a global way and make 
the design based on the accumulated experience in a concrete field.  
Anyway, both of them evaluate rigid pavements as concrete structures and 
accordingly, from the structural viewpoint, all the approaches follow the main limit 
states (ultimate, serviceability and durability) philosophy. This means that it has to be 
fulfilled the following: 
Solicitation (S) ≤ Response (R) 
However, in the last years both methods have converged into a new method of 
design known as semiempirical, as it takes into account most of the acting variables 
(like in the analytical methods) but always based on a previous experience (like in the 
empirical methods). Surely, this is the way ahead to take for the following studies, as it 
combines the advantages of the different methods. 
Analyzing the different methods has also lead to the conclusion that there is a 
big scatter in the consideration of the fibers effect in the concrete. Thus, it will be 
necessary to find a global way of considering the fibers effect in the pavement design, 
and that could be applied to any method. 
On the other hand, the analysis of a real case of a SFRC pavement evidenced all 
the advantages and disadvantages of its use. The Ford Factory in Almussafes (Valencia) 
needed of a structural concrete slab where, aside from the regular service loads for 
this kind of structural elements, there is a condition of localized loads originated by 
many robots required. In this way, a SFRC was found to be the more effective solution 
in order to bear these special loads.     
During the pavement design, it was found that similar solutions where offered, 
independently of the method of design chosen. While in all the cases a slab thickness 
of 20 cm and a concrete with a characteristic compressive strength of fck,28 = 30 N/mm
3 
is chosen, the fiber dosage varies between 20 and 30 kg/m3 depending of the fiber 
models.  
This demonstrates that independently of the method of design chosen, the 
solutions offered will always vary between limited ranges of values.  
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5.3. FUTURE LINES OF INVESTIGATION 
  The main inconvenient found during the elaboration of this thesis is that it has 
been based on an extensive research of all the studies and investigations of the topic, 
it means, theoretical hypotheses. In order to deepen into this, it would be adequate to 
verify them experimentally in situ or in laboratories. For this reason, it might be 
interesting to verify (or regret) the obtained results through the realization of an 
experimental campaign. 
 Furthermore, it would be really interesting to study through many different 
experimental campaigns the benefits and inconvenient of the use of SFRC, in order to 
elaborate a specific normative of its use. Finally, an especially interesting line of 
investigation for the future is the fiber effect in the fatigue cycle of the pavements, as 
it is known that it substantially improves it but it is not still clear how.  
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